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INTRODUCTION 

Studies  under  this  funded  activity  are  focused  on  characterizing  the  role  of  the  PIM1  gene  in 
acquired  resistance  to  chemotherapy  drugs,  by  prostate  cancer  cells.  The  proposal  included 
three  specific  aims:  1)  to  define  a  novel  signal  transduction  pathway  activated  by  docetaxel,  2) 
to  characterize  the  mechanism  through  which  PIM1  activates  and  regulates  NFkB  signaling,  and 
3)  to  explore  genetic  and  pharmacologic  means  of  inhibiting  PIM1  activity  or  expression  to 
enhance  the  sensitivity  of  prostate  cancer  cells  to  docetaxel  and  other  chemotherapy  drugs. 

During  the  03  year  (October  1,  2007  through  9/30/2008)  progress  has  been  moderate,  with 
continuing  disruptions  due  the  move  of  Dr.  Lilly’s  laboratory  from  Loma  Linda  University  to  the 
University  of  California,  Irvine.  A  new  laboratory  staff  person  was  hired  to  work  on  this  project, 
but  had  to  be  terminated  in  early  August,  2008.  We  have  not  yet  succeeded  in  replacing  this 
employee.  A  third  manuscript  has  now  been  published  (Journal  of  Biological  Chemistry), 
substantially  completing  specific  aim  #1,  and  partially  completing  specific  aim  #2.  Several  new 
prototype  PIM1  inhibitors  have  been  acquired  from  industrial  and  academic  sources,  and  are 
being  tested  for  synthergism  with  docetaxel  and  other  chemotherapy  drugs. 

BODY 

We  will  outline  our  progress  through  reference  to  the  specific  aims  described  above.  The  first 

specific  aim  (specific  aim  #1)was  to  outline  a 
signal  transduction  pathway  activated  by 
docetaxel  and  involving  upregulation  of  PIM1 
expression.  This  pathway  has  been 
substantially  defined.  Using  RWPE2  prostate 
cells,  we  noted  that  docetaxel  treatment  rapidly 
leads  to  an  increase  in  expression  of  the  PIM1 
serine/threonine  kinase.  Expression  becomes 
apparent  at  3hrs  after  drug  addition,  peaks  at  9- 
12hrs,  and  returns  to  baseline  by  24hrs  (Fig.  1). 
This  increase  in  expression  is  accompanied  by 
an  increase  in  pim-1  mRNA,  as  shown  by  real 
time-PCR  analysis  (Fig.  2).  Thus  the  effects  of 
docetaxel  are  primarily  transcriptional  or  post- 
transcriptional. 

We  next  wanted  to  define  mechanisms  through 
which  pim-1  could  be  transcriptionally 
upregulated.  Transcription  ot  pim-1  is  known  to 
be  activated  by  STAT  transcription  factors  and 
by  NFkB  transcription  factors.  We  examined 
the  time  course  of  STAT3  activation  after  docetaxel  treatment  (Fig.  1),  and  noted  that  it 
paralleled  the  course  of  pim-1  expression.  We  therefore  suspected  that  docetaxel  increased 
pim-1  expression  in  a  STAT3-dependent  manner.  This  was  directly  demonstrated  by  use  of 
decoy  oligonucleotides  (Fig.  2).  Double-stranded  DNA  oligonucleotides  matching  a  known 
STAT3  binding  site  blocked  the  drug-induced  upregulation  of  pim-1  expression,  while  a  decoy 
based  on  a  mutated  (non-binding)  STAT3  site  did  not.  These  data  therefore  establish  a  linear 
relationship  among  the  following  events:  docetaxel  treatments  STAT3  activations  pim-1 
expression. 
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—  - - 
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Fig.  1.  Time  course  of  PIM1, 
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We  hypothesized  that  NFkB  transcriptional 
activation  would  be  a  downstream  event  in  this 
signal  transduction  pathway,  because  many 
chemotherapy  drugs  and  other  stressors  are 
known  to  activate  NFkB.  We  engineered 
RWPE2  cells  to  constitutively  express  a  NFkB- 
dependent  promoter/luciferase  plasmid,  and 
found  that  docetaxel  treatment  increased  NFkB 
transcriptional  activity.  We  then  transiently 
infected  these  cells  with  a  p/m- ‘/-encoding 
retrovirus.  Pim-1  expression  also  consistently 
increased  NFkB  transcriptional  activity.  To 
determine  if  the  drug-induced  increase  in  NFkB 
activity  occurred  in  a  p/m- "/-dependent  manner,  we  then  infected  the  reporter  cell  line  with  a 
retrovirus  encoding  a  dominant-negative  form  of  pim-1,  pimNT81.  The  dominant  negative  pim-1 
cDNA  completely  blocked  the  drug-induced  upregulation  of  NFkB  activity,  demonstrating  that 
pim-1  expression  is  a  necessary  upstream  step  in 
the  drug-induced  activation  of  NFkB  (Fig.  3).  In 
aggregate  these  studies  establish  a  signal 
transduction  pathway  triggered  by  docetaxel 
treatment  of  RWPE2  prostate  cancer  cells. 

To  determine  if  this  pathway  modified  drug  toxicity, 
we  examined  the  effects  of  enforced  expression  of 
wild-type  or  NT81  pim-1  cDNAs  of  docetaxel  cell 
kill  (Fig.  4).  Docetaxel  produced  dose-dependent 
cell  kill  in  RWPE1,  2  cells.  Enforced  expression  of 
wild-type  pim-1  cDNA  markedly  reduced  cell  death. 

In  contrast,  expression  of  the  dominant  negative 
NT81  cDNA  enhanced  cell  death  after  docetaxel 
treatment.  These  data  demonstrate  that  pim-1 
expression  can  modulate  drug-induced  cell  death, 
and  demonstrate  that  the  survival  pathway 
described  above  is  a  legitimate  target  for  pharmacologic  intervention.  These  data  have  been 
published  in  the  Journal  of  Biological  Chemistry  (1 ;  see  reprint  in  appendix). 


The  goal  of  specific  aim  #2  was  to  define 
pathways  through  which  the  PIM1  kinase  could 
activate  NFkB  transcriptional  activity.  We  had 
hypothesized  that  PIM1  would  phosphorylate  the 
NFKB1/p105  precursor  protein  on  serine-937, 
leading  to  proteolytic  cleavage  of  the  protein  with 
release  of  active  p50  protein  as  well  as  other 
sequestered  NFkB  components  and  the  TPL2 
kinase.  In  the  previous  reporting  period  we 
demonstrated  that  PIM1  can  phosphorylate  the 
p105  NFKB1  precursor  on  serine  937,  a  novel 
phosphorylation  site.  In  addition  we  prepared  a 
polyclonal  antibody  specific  for  this  phosphorylation 
site.  During  the  early  part  of  this  reporting  period  a 
number  of  studies  were  undertaken  to  characterize 


Fig.  4.  Modulation  of  docetaxel  cell  kill  by 
enforced  expression  of  pim-1  cDNAs. 


Fig. 3.  Dominant  negative  PIM1  (NT81) 
blocks  docetaxel-induced  activation  of 
NFkB  transcriptional  activity 
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Fig.  2.  STATS  decoy  oligonucleotide  blocks 
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the  expression  of  phosphoNFKB1/p105(S937),  using  our  phosphospecific  antibody.  An  initial 
study  used  mutant  (S937D)  p105  cDNAs  to  mimick  the  effect  of  phosphorylation.  These 

“phosphomimic”  proteins 
enhanced  NFkB  transcriptional 
activity  whereas  the 
corresponding  S937A  mutant 
inhibits  activity,  compared  to 
the  wild  type  NFKB1  protein 
(Fig. 5).  In  this  experiment, 

HeLa  cells  were  transfected 
with  a  luciferase  reporter  gene 
under  the  control  of  a  synthetic 
consensus  NFkB  binding  site, 
plus  WT  or  mutant  p105 
cDNAs.  Bars  indicate  the 
firefly  luciferase  activity  of  the 
transfectants,  normalized  to 
that  of  a  Ren  ilia  luciferase 
transfection  control  plasmid. 
These  data  indicate  that  if 
PIM1  phosphorylates  S937  in 
vivo,  it  likely  would  enhance 
overall  NFkB  transcriptional 


The  third  specific  aim  (specific  aim  #3)  proposed  to  use  small  molecule  inhibitors  of  the  PIM1 
kinase  as  molecular  probes  to  determine  their  effect  on  docetaxel  sensitivity.  A  report 
describing  one  such  molecule,  the  flavonol  quercetagetin,  was  published  as  the  cover  article  in 
the  January,  2007  issue  of  Molecular  Cancer  Therapeutics  (2;  see  appendix  A).  We  have 
demonstrated  that  quercetagetin  in  a  moderately  potent  (IC50  =  340nM,  specific,  and  cell- 
permeable  inhibitor  of  PIM1  activity  in  prostate  cancer  cells.  Key  data  include  the 
demonstration  that  quercetagetin  in  competitive  with  ATP.  A  crystal  structure  of  PIM1  in 
complex  with  quercetagetin,  or  with  three  other  flavonoids,  has  been  determined.  We  have  also 
shown  that  quercetagetin  is  able  to  inhibit  the  activity  of  the  PIM1  kinase  in  prostate  cancer  cells 
at  an  IC50  of  about  5.5|liM.  Interestingly  the  activity  of  the  AKT  kinase  is  not  inhibited  at  all  under 
these  conditions.  A  companion  article,  presenting  a  pharmacophore  analysis  of  flavonoid 
inhibitors  of  PIM1,  has  also  been  published  recently  (3;  see  appendix  B).  We  have  recently 
obtained,  and  begun  characterizing,  novel  small  molecule  inhibitors  of  PIM1  from  Exelixis 
Corporation,  and  from  Dr.  Andrew  Kraft  (Hollings  Cancer  Center).  These  molecules  show 
additive,  or  at  some  concentrations  synergistic,  cell  growth  inhibition  in  that  PIM1  kinase  acts  to 
inhibit  cell  death  caused  by  the  cytotoxic  drug  docetaxel,  and  that  blocking  the  activity  of  PIM 
can  potentiate  cell  kill  and  overcome  cytotoxic  drug  resistance. 

KEY  RESEARCH  ACCOMPLISHMENTS  THROUGH  September  30,  2008 

•  Definition  of  a  novel  survival  pathway  activated  by  docetaxel  treatment,  and  involving 
sequential  activation  or  expression  of  STAT3,  PIM1,  and  NFkB  components.  These 
studies  have  now  been  published  in  the  Journal  of  Biological  Chemistry. 

•  Identification  of  serine-937  as  the  major  phosphorylation  site  for  PIM1  on  the 
p105/NFKB1  precursor  protein 


Fig.  5.  NFkB  transcriptional  activity  of  p105  mutants,  WT 
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•  Identication  of  quercetagetin  as  a  moderately  potent  and  specific,  cell-permeable  PIM1 
kinase  inhibitor 

•  Demonstration  that  XL-1075  and  XL-1154  can  show  additive  or  synergistic  cell  kill  in 
prostate  cancer  cells  treated  with  docetaxel 

•  Abstract  presented  at  the  annual  AACR  meeting,  Washington  DC,  April,  2006 

•  Paper  describing  the  activity  of  quercetagetin  as  a  PIM1  kinase  inhibitor,  published  in 
January,  2007  issue  of  Molecular  Cancer  Therapeutics  (cover  article) 

•  Paper  describing  pharmacophore  analysis  of  flavonoid  inhibitors  of  PIM1,  published  in 
March,  2007  issue  of  Bioorganic  and  Medicinal  Chemistry 


REPORTABLE  OUTCOMES 

Manuscripts  Published 

Zemskova  M,  Sahakian  E,  Bashkirova  S,  Lilly  MB.  The  PIM1  kinase  is  a  critical 
component  of  a  survival  pathway  activated  by  docetaxel  and  promotes  survival  of 
docetaxel-treated  prostate  cancer  cells.  J  Biol  Chem.  283(30):20635-44.  (2008). 

Holder  SL,  Zemskova  M,  Bremner  R,  Neidigh  J,  Lilly  MB:  Identification  of  specific,  cell- 
permeable  small  molecule  inhibitor  of  the  PIM1  kinase.  Mol  Cancer  Therapeutics  6:163-72 
(2007). 

Holder  SL,  Lilly  MB,  Brown  ML:  Comparative  Molecular  Field  Analysis  of  Flavonoid  Inhibitors 
of  the  PIM-1  Kinase.  Bioorg  Med  Chem  (in  press,  2007) 


CONCLUSIONS 

Our  data  demonstrate  that  PIM1  is  a  critical  component  of  a  survival/stress  pathway  activated 
by  docetaxel  treatment  of  prostate  cancer  cells.  This  pathway  leads  to  activation  of  NFkB- 
dependent  transcription,  possibly  by  phosphorylation  of  p105/NFKB1  by  PIM1  at  serine-937. 
Targeting  PIM1  kinase  activity  with  quercetagetin,  or  other  PIM1  kinase  inhibitors,  leads  to 
additive  or  synergistic  cell  kill  following  docetaxel  treatment. 
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APPENDIX 

Research  data  are  presented  throughout  the  body  of  this  report. 

The  appendix  contains  four  items: 

A.  Manuscript :  Holder,  et  al.,  “Characterization  .  .  .  kinase.”  MCT 

B.  Manuscript:  Holder,  etal.,  “Comparative  .  .  .  kinase.”  BMC 

C.  Manuscript:  Zemskova,  etal.,  “The  PIM  .  .  .  cells.”  JBC 

D.  Curriculum  vitae  for  Michael  Lilly,  MD 


Characterization  of  a  potent  and  selective  small-molecule 
inhibitor  of  the  PIM1  kinase 
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Abstract 

The  pkn-1  kinase  Is  a  true  oncogene  that  has  been 
Impicated  In  the  development  of  leukemias,  lymphomas, 
and  prostate  cancer,  and  Is  the  target  of  drug  development 
programs.  We  have  used  experimental  approaches  to 
identify  a  selective,  cel-permeable,  smal-molecule  Inhib¬ 
itor  of  the  p/m-f  kiruse  to  foster  baste  and  translational 
studies  of  the  enzyme.  We  used  an  ELlSA-based  kinase 
assay  to  screen  a  diversity  Ibrary  of  potential  kinase 
InNbItors.  The  flavonol  quercetagetin  I3,3'.4', 5,6,7- 
hydroxyflavonel  was  Identified  as  a  moderately  potent, 
ATP-competItIve  Inhibitor  UCso.  0.34  |trT>oM.|.  Resolution 
of  the  crystal  structure  of  PIM1  In  complex  with 
quercetagetin  or  two  other  flavonolds  revealed  a  spectrum 
of  binding  poses  a  rxl  hydro  gen -bonding  pat  ter  ns  In  spite  of 
strong  similarity  of  the  Ig and s.  Quercetagetin  was  a  NgNy 
selective  Inhibitor  of  PIM1  compared  with  PIM2and  seven 
other  serine-threonine  kinases.  Quercetagetin  was  able  to 
Inhibit  PIM1  activity  In  Intact  RWPE2  prostate  cancer  cels 
In  a  dose-dependent  manner  lED^O'  t^tnoii'L).  RWPE2 
cells  treated  with  quercetagetin  showed  pronounced 
growth  InNbitlon  at  Inhibitor  concentrations  that  blocked 
P1M1  kinase  activity.  Furthermore,  the  abllty  of  querce¬ 
tagetin  to  InNbit  the  growth  of  other  prostate  epithelal  cell 
Ines  varied  In  proportion  to  their  levels  of  PIM1  protein. 
Quercetagetin  can  function  as  a  moderately  potent  and 
selective,  celt-permeable  Inhibitor  of  the  p/m-T  kinase,  and 
may  be  useful  for  proof -of -concept  studies  to  support  the 
development  of  dnlcally  useful  PIM1  Inhibitors.  IMol 
Cancer  Ther  2007;6(1 1:163-721 
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Introduction 

The  pen  family  of  &eiine-Uireonine  kinases  k  com|>citved  of 
three  highly  homolf^ou.<i  genes,  pim-l,  pifn-2,  and  pifn-3. 
These  enzymes  are  Increasingly  being  recognized  as 
impoilanl  mediators  of  surv  K-al  .signals  in  cancers,  slitKS 
responsrti,  and  neural  development  (1-6).  In  addition, 
these  kinases  are  oorhtHutively  expressed  tn  some  tumors 
and  function  as  true  oncogenes.  Thus,  they  are  of 
significant  interest  targets  for  Uxjrajeutic  inter^entum. 

Small-molecule  inhibitors  are  important  molecular 
probes  for  studying  protHn  kinases.  In  addition,  Oiey 
may  serve  as  protype  therapeutic  agents  for  treating 
di.seas?si  resulting  from  unregulated  kinase  activity.  Three 
prit>r  reports  Kive  shown  that  known,  promiscuous  kinase 
inhibit orscan  rnhrbit  PfM  I  function  in  vitro.  Jacobset  al.  (7) 
showed  Hut  several  slaurospoiine  and  btvindoyl-malei- 
mtde  anabgu*,  as  well  as  Hie  morpholino-subslrtuted 
cliromone  LY29-t(X)2,  were  able  to  inhbit  PIMI  activity 
in  vitro.  Subsequently,  Fabian  et  al.  (8)  pre.sented  an 
interaction  map  involving  113  kinases  and  20  small- 
molecule  kinase  inhbilors  now  under  clinical  study.  Only 
three  inliibilors  had  detectable  binding  to  (and  presumably 
inhibrtory  activity  against)  PIMI — two  sLaurosporIne 
anabgues  and  fbvopiridol,  a  flavonoid  undergoing  eval¬ 
uation  as  an  inhibiltv  of  cyxrlin-dependent  kina-es,  A  recent 
report  (9)  confinned  the  activity  of  bisindoylrnalebnlde 
derivatives  as  well  as  some  flavonotds  in  vitm .  All  of  the 
identified  inhfoitois  eiUier  licked  specificity  fvir  PI\fl  or 
were  only  modestly  active  at  bw  mkromobr  ooncentra- 
tiors,  or  b^th.  Furthermore,  none  of  tho^e  lepoiLs  showed 
that  Uie  lest  agents  could  selectively  inhibit  PIMI  activity  In 
intact  cells. 

To  further  our  ba^ic  and  Iraie-lalional  studios  t>f  Uie  pint 
kinases,  we  have  sought  to  identify  small- mtilec uie 
inhibiU^  tif  PfMl.  We  here  report  Uiat  Uie  flavonol 
C(utrcaagaet  is  a  .selective  PlXfl  inhibitor  wiUi  ainomolar 
potency  and  can  differentially  inhibit  the  kinase  in  cell- 
based  assays. 


Materials  and  Methods 
Cell  Lines  and  Culture  Methods 
Tlie  poslale  epiUielial  cell  lines  RWPEl,  RWPE2,LNCaP, 
and  PO  were  (Plained  from  Uie  American  Type  Culture 
Colleclion  (hfanassas,  VA)  and  cultured  in  Uie  recommen¬ 
ded  medium.  We  produced  additioml  poiils  of  RWPF2 
prostate  cells  Uial  overexpressed  pim-t  through  retroviral 
transduction.  Tlie  coding  legum  k>r  Uie  human  pim-l  gene 
was  cloned  into  the  pLNCX  retrov  iral  vector  (Cbntedi, 
hft^ntain  V'iew,CA).  InfectuMjs  vimses  were  produced  in 
the  GP-293  jockaging  cell  line  by  cotransfect  bn  with 
retroviral  baclhone  pbsmids  (pLNCX  or  pLNCX/pim-I) 
and  with  pVSV'-G,  a  pbsmid  Uul  exproxses  the  envelope 
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glvxroprotein  froiT^  v'esicubr  stoi'rtatiti'i  vimv  Forly-^igJit  plate  (Reroe)  containing  100  pL/well  of  40  iwncJ/LEDTA. 

bouts  after  transfection,  the  medium  was  collected  and  tl^  Tlie  biotinylated  peptde  substrate  was  allowed  to  bind  to 

virus  jjatticits  were  cotxrentrated  as  described  in  tlv  tlie  ])late  at  rot'Mn  tem|)erature  for  10  min.  The  level  of 

manufacturer’s  protocol  (Clontech).  RVVPF2  cells  wete  phosphorylation  was  then  determined  by  ELISA  as 

plated  at  I  x  10*  per  60-mm  plate  16  to  18  h  before  described  abi>ve.  Curve  fittmg  and  eiv.yme  analyses  were 

infectbn.  Cells  were  infected  with  5  X  10*  viral  particlts  in  dot>e  using  GrajiliPad  Prism  version  4jOO  tor  Windows 

tlie  pteserx;e  of  Spg/mLpolybtene.  After  6  h  of  irxrubotion,  (CraphPad  Softwartf,  San  Diego,  CA).  Fi'«-  lJ>J  additional 

tlie  viru.s-containrr^  medium  was  replaced  with  fresh  BAD(SII2)  kinases  IPIM2,  FSK2  (rfoiTsomal  556  kinase  2), 

n^dium,  and  on  the  next  day  G4I8  (400  jig/mL)  was  and  PKA  (cyxrlic  AMP-dependent  protein  kinase)!,  reac- 

added  to  select  infected  cell.v  After  lO  days  of  selectiorv  tion  comporvnls  were  as  described  abov>e-  As  witli  Uie 

stablecell  jx^ols  were  established  ar>d  PIMI  expressX'jn  was  PfM  I  assays,  an  ATP  concentration  of  lOfunt^/Lwas  u^ed. 

wrified  by  immunoblottir^g.  Furlliermore,  witli  each  kinase,  line.rr  reaction  velocities  for 

Eor  gmwtl>-tnhibition  exfer  imenls,  cells  were  plated  onto  tlw  duration  of  tlie  reaction  were  confirmed  (data  rx>t 
24-well  phtes  and  fixed  with  forinaldehyxie  at  intervals.  sliown). 

Cell  number  was  quantified  by  crystal  videt  stainmg  (10).  To  further  asso^A  tlie  specificity  of  qix^rcetagetin  as  a  PlMl 

Recombinant  pirn  Kinases  and  Kinase  Assays  inhbitor,  its  activ  ity  against  a  panel  of  serirve-tlvreorvine 

We  prepared  recombinant  PIMI  and  PIM2as  gluUthbne  kiaises  was  also  studied  through  a  commercial  kinase 

S-transferase  (CST)  fusbrts  in  Fschtnchi:  coli,  as  described  inhfoitor  prv>filing  .service  (KinaseProfiWr;  Upstate  Bbteclv 
(I  I).  For  tlve  inliibitor  screening  ass  ays,  a  .solid-phase  kiavse  nolcgy,  Qvsrlottesv  rile,  VA).  AD  KiarseProfiler  assays  were 
assay  was  developed  based  on  our  demorrst  ration  that  PIMI  conducted  using  10  jimol/L  ATPconcentration.s. 

IS  a  potent  kraise  for  photsphoiylatirg  BAD  on  Ser**^  Snva II -Molecule  Library  Screening 

(II,  12).  Ninety'-six-weD  fbt-bottomed  plates  were  caited  We  obtained  a  library’  of  1^00  compounds  tint  had 

ov anight  at  4’C  with  lecombramt  GST-BAD  fl  jig/well  in  structural  affinity  to  known  kiaise  nvhibiU>rs  (TImTec,  live, 

HFFES  buffer.  1,36  nvmol/L  NaCl,  26  mmol/L  KCl  and  Newark,  DE).  The  entire  library  vs'^as  screened  once  witlr 

20mmol/L  HFPFi>(pH  75)J.  The  plites  were  tl>?n  bbeked  our  solid-phase  EUSA  kinase  assay,  witli  each  compound 

for  I  h  at  room  temperature  with  10  ng/mL  Kwine  .serum  at  -lOpmol/Lcoixra'itration.  Positiv  e  hits  were  re-screaied 

albumin  in  HFPES  buffer.  Tlve  blockir^  solution  was  Uiai  at  tlw  same  concavtration.  Compounds  tlvit  had  reproduc- 

ranoved  and  5  pL  of  eadi  inliibitor,  divsolv>ed  in  50%  ible  activity  at  10  fuivol/L  were  tlren  screened  at  a  range  of 

DMSO,  wai?  added  to  each  well.  Thai,  100  ^L  of  kiai.se  concaitrations  from  0.001  to  300  jirnol/L.  Additional 

buffer  (20  rnmol/L  MOPS  (pH  7j0),  125  mmol/L  MgCb,  flavonoids  wen»  purcKised  from  Indofine  Chemicals 

I  mmol/L  MnClj,  I  mmol/L  EGTA,  150  mmol/L  (HillsbiirougK  NJ)  and  were  tested  in  a  similar  protocol. 

NaCl  10  |unol/L  ATP,  I  mmol/L  DTT,  and  5  mmol/L  Measurement  of  PIMI  Kinase  Activity  In  Cells 

(V-glycerophasphateJ  containing  25  r^g  recombinant  GCT-  RWPE2cell  poiils,  stably’  infected  willi  emjity  retrovirus 

PIMI  kinase  were  added  to  each  well.  The  fiail  concentra-  or  pim-I -aicoding  retrovirus,  were  seeded  in  six-well 

tit>n  of  each  Inhibiltx  was  -10  fimol/L.  The  |^>late  was  plates  at  5  x  lO*  cells  per  well.  Afta  18  h,  llie  nomial 

placed  on  a  gel  slab  dryer  prewar  med  to  30*C,  ai>d  tlw  supplemented  keratinocyte  medium  was  removed  and 

kinase  reactkin  was  allowed  to  proceed.  The  leactkm  was  replaced  willi  supplemait-free  keratinocyte  medium.  Cells 

stopped  after  60  min  by  removal  of  tlie  reaction  buffer,  vsere  tlien  incuKited  for  an  additional  20  Iv  Quercelagetin, 
killowed  by  llie  addition  of  100  jiL  of  HEFTS  buffer  or  an  equivakmt  vxilume  of  DMSO,  was  added  to  Uie  cells 

containing  20  mirxil/LEDTA  to  each  well.  Plxispliorylited  3  h  before  tlie  end  of  tlie  .siarvatUm  period.  At  llie  coriclu- 

G5T-BAD  was  detected  by  an  ELISA  reaction,  usiiyg  as  first  skm  of  Uie  starvation  period,  llie  cells  were  wa.slied  twice 

antibody  a  monoclonal  anti-pliosplio-BAD(SI  1^  antibody  willi  PBS  and  subsequently  lysed  in  a  denaturing  buffer 

(Cell  Sigrviling,  Danv  eiA,  MA),  a  .secondary’ goat  anti-mou.se  with  {Yotea.se,  pbospbaLise  inhibiKx'S.  The  lysates  were 

IgG-peroxidase  conpugated  anlibxiy(Rerce,  Rockford,  IL),  normalized  by  total  protein  content  (BCA  protein  assay, 

and  TurKi-TMB  peroxidi.se  sub.strate  (Pierce).  Tlie  level  of  Pierce),  llien  analyzed  by  immunoblotting  willi  Uie 
phosphory  tiled  GST-BAD  potent  was  proportional  to  llv  followir^,  antibodit>c  moixiclonal  anli-PIMl  (5?anla  Cruz. 
abvoibance  at  4.50 nrn.  Biotechnologie.s,  S.inta  Cruz.,  CA);  monoclonal  anli-p-actin 

For  quantitative  and  kinetic  studies  of  inhibitor's  against  (Sigriia,  St.  Loui.s,  MQ;  monoclonal  antr-BAD  (Transduc- 
vaiious  BAD(SII2)  kiaises,  a  solution  plvise  assiy  was  tkin  ijbiraUxies,  Franklin  Lakes,  NJ);  and  monoclonal 

u.sed.  A  bkilinylaled  f>eplide  based  on  llie  PIM I  phosphor-  anli-phospht>BAD(SI  12),  polyclonal  anli-phospho- 

ylation  site  of  human  BAD  was  synthesized  (GGAGA-  AKT(^73),  and  anli-AKT  (all  from  Cell  Signaling). 
\TrRSRH.SSYPAGTE)  and  used  as  the  assay  substrate.  Cloning.  Expressioa  Purificatioa  and  Crystallization 
Recombinant  CST-FIMI  (25  r^Vreaction)  was  pieincubated  of  PIMI 

wiUi  various  concentra Imns  of  inhfoitors  in  the  prev  ious  Tlie  production,  punficatroa  and  cliaracter  izalion  of  le- 
kinase  buffer  (fiail  volume  1 00 pL).  Tlie  reaction  proceeded  cornbiainl  6Hi.s-lagged  PIMI  prolebis  for  cry  stalbgraphy 
by  additkin  of  substrate  peptide,  foibwed  by’  incubatkin  for  have  been  described  pievbusly  (13).  To  obtain  cocryslah 
5  linn  in  a  30®C  water  bull,  nie  reaction  was  lermiaited  by  of  complexes  erf  tlie  protein  with  ligand.s,  llv  protein 
Iraasfet  rir^  Uie  mixture  to  a  streptavidin-coiled  96-well  solut  bn  was  initially’ mixed  wiUi  Uie  compound  (dissolved 
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in  DMSO)  at  a  final  compound  coixenlralion  taf  I  iwnol/L 
and  then  set  up  for  cry'jitalliTation.  The  protein  was 
cryslalii7ed  by  a  silting-dix^i,  vapoi -diffusion  exj^eiiinenl 
in  which  equal  volumes  of  protein  {10-15  n\g/inL 
concentration)  and  resetvoir  solution  10.4-0.9  inc^/L 
sixlium  acetate,  0.1  mol/l.  imidaTii^ile  (pH  65)|  weie  mixed 
and  alkawed  to  equilibrate  a^iitNt  the  reservoir  at  4*CT1>? 
cry’!^tals  mutinely  giew  to  a  si7e  of  2X)  x  200  x  flOO  ^.m  in 
-2  to  3  days. 

Structure  Determination 

X-ray  diffractioii  data  weie  colk'cted  at  Advanced  Liglit 
St-njrce  (BeiLeley,  G\).  All  data  were  proems. sed  and  reduced 
witli  MC6FLM  and  scaled  wiUt  SCAIj\  of  tl>e  CCP4  suiteof 
j>iograirts  using  the  sof  twaie  ELVTS.  The  space  group  of  all 
crv'stals  was  detennined  to  be  P6^  with  Hie  cell  axes  being 
aj-iproximately  99,  99,  and  80,  and  one  j’rotein  monomer 
being  present  in  tlie  asymmetikral  unit.  AH  structures  weie 
determined  by  mok’cular  repl'^of^ient  using  the  apo  PIMl 
structure  (IY\VV;  ref.  13)  as  a  model,  ai>d  lefined  by  CNX 
and  RfTMACS.  Cr^'stallographic  statistics  are  repented  in 
Supplementary  Table  Sl,^  Tire  coordinates  and  structure 
factors  for  tlie  structures  Kivebeen  deposited  with  the  RCSB 
Pmtein  Data  Bank  (accession  codes  30^,  2064, 2065). 

Results 

Screening  of  a  Chemical  Library  with  Structural 
Af  fmity  to  Known  Kinase  Inhibitors 

As  an  initial  apjmxich  to  the  identification  of  PlMl 
inliibitors,  we  screened  a  library’ of  snull  mdecules  whose 
structun^s  wer-e  similar  to  those  of  known  kinase  inhibitors. 
Of  tlie  sewn  compounds  that  lud  reproducible  inhibitory 
activity  at  10  junol/U,  six  were  flavnixiids  [quercetin, 
luteolin,  kaempferol,  7-hydroxy  flavxme,  {S)-57-dihydroxy- 
8-(3Hnetliylbut-2*ene)flavanone,  and  (R)-5,7-di}'iydroxyna- 
vanonej.  Tht>^  compounds  exhibited  a  range  of  Inhibiloiy 
potencies  (as  KTs))  from  1.1  to  60  pmol/L.  Thirty-seven 
other  flavonolds  failed  to  sliow  detectable  inhibitory 
activity  at  10  juntil/L.  H'lese  in.vrtiw  compounds  were 
characteri7ed  in  mos.l  casts  by  bulky  (charged  or  un¬ 
charged)  groups  at  the  3, 3f,  4',  or  7 positbns;  lack  of  at  least 
two  hydmgen  bond  donors  on  the  A  or  C  rings;  presence  of 
glyxrcside  ImLages;  or  failure  of  all  ririgs  to  adopt  a  plaaar 
conformation. 

Tlie  most  activo  cornpouivd  in  tlie  chemical  library  was 
the  flavonol  quercetin  (TCs>  1. 1  pmol/L),  a  kixiwn  inhbiUir 
ofkiavsesand  many  other  en7ymoi  (14-19).  Furtliermore, 
six  of  tlie  seven  compound;  with  reproducible  activity  at 
lOfunol/L  were  flavoaaid.s.  Hence,  we  .screened  addilioail 
flavxmoids  to  identify  moleculo.  with  inliibitoiy  activity 
agairst  the  PIMl  kina;e  (Fig.  1).  Tl>?  mostactiw  molecule 
was  tlx?  flavxmol  (IC«o,034  jmxil/LX  Tlx?  ft)ur 

flavonoids  with  the  hlglie.st  inhibitory  activity  were 
chaiacteri7ed  by  tl>e  pasence  of  fiw  to  six  -OH  groups 
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distributed  between  the  A  aixi  B  rings.  In  cornparsoa  the 
hyxiroxyl  groups  on  the  B  ring  seemed  to  be  more  critical 
for  the  activity  of  the  comjHnjnds  tlxan  tlxise  on  the  A  ring, 
as  compouixls  with  an  unsubstituted  B  ring  .slxiwed  greatly 
reduced  activity.  Finally,  a  lwdro|.^obic  substituent  at  the 
8  jxi.sitbn  was  tolerated. 

Quercetagetin  Is  a  Selective.  Potent  InNbitor  of  PIMl 
In  vHro 

To  asst>ji  the  sek'ctivily  of  quercetagetin  for  PIMl,  we 
determined  its IC«o  value  toward  tlvealtemativ^e  BAD(S1 12) 
kiiuses  RSK2,  PKA,  and  PIM2  (Table  1).  The  IQo  of 
quercetagetin  f<ir  PIMl  kinase  was  0.34  nnx>l/U  whereas 
tire  corresponding  values  for  tlie  otlier  kinasi^s  were  9-  to 
70-fold  higher. 

To  fuitlier  cKiracterbe  the  specificity  of  quercelagetia  il-'» 
inhibitory  activity  wa-.  examined  at  1  or  lOjunol/L  against 
additional  serine-threonine  kinasn>.  (c-Jun-NHj-Linase  1, 
PKA,  Aurora-A,  c-RAF,  and  PKCfl;  Fig.  2X  At  the  lower 
concentration,  tlie  .selectivity  of  quercetagetin  was  most 
apparent.  In  the  presence  of  1  junol/L  inhibitor,  PIMl 
activity  was  Inliibited  by  92%.  In  contra.st,  the  activity  of  tlae 
Ollier  kimsos  was  inhibited  by  ojily  0%  to  41%.  In 
aggregate,  Ihoe  studio,  establislied  that  quercetagetin 
was  a  severalfold  more  potent  inhibitor  for  pon-1  kinase 
Ilian  for  .seven  other  serine-lhreonine  kinaso..  In  addition, 
quercetagetin  was  complelely  inactive  against  the  c^tW 
ty  lOsine  kinase  when  toted  at  the  2C0  pirxil/L  concentra¬ 
tion  (data  ix)l  sliown). 

Crystallographic  Analysis  of  Quercetagetin  in  Com¬ 
plex  with  PIMl 

Recently,  several  crystal  .sinicluies  of  the  PIMl  kinase 
have  been  solved  and  pioenled,  including  apo  forms  and 
the  enTyme  in  complex  with  a  variety  of  ligands  (7,  9,  13, 
20,  21).  Becau.se  Hie  PIMl  protein  his  several  unique 
.stivictural  features  around  its  ATP- binding  pocket,  includ¬ 
ing  the  lack  of  the  canonical  hydrogen  bond  doixar  from  the 
hirtge  region  typically  used  by  kiaises  to  bind  ATP-like 
ligand.s,  we  detennined  the  crystal  structure  for  llie  kinase 
in  complex  wiHi  three  flavxinoid  inhiblloiv  quercetagetin, 
myricetirv  and  5,7X4',5-peitalydroxYflavx)ne  (Fig.  3^, 

Tlx?  Hiiee  flavtinoid  inhibitois  show  two  distinct  binding 
poses,  denoted  here  as  orientations  I  and  11,  respectively, 
Quercetagetin,  Hx?  comjxiund  with  two  hydroxyl  groups 
on  Hie  B  i  ing,  adopts  or  xmlalion  I,  wheieas  live  compounds 
wiHi  a  trisubstituted  B  ling  (myricelln  and 
penlaliydroxy  flavYme)  adopt  oiientilbn  II 

Tlxe  binding  pose  of  quercetagetin  ei  FIMi  (Fig.  3A) 
ebsely  rt>.enilJes  Hialof  quercetin  in  phosphatidylinosilol 
3-kiaise  y  (IE8\V;  ref.  2^  and  Hial  of  fisetm  in  CDK6 
(1X02;  lef.  23),  designated  here  as  oriaiLation  1.  As  .seen  In 
Hie  two  earlier  structures  (Fig,  3D  aixJ  F),  Hie  3-OH  of  Hie 
quercetagetin  (Fig.  3A)  makes  a  canonical  hyxirpgen  bond 
wiHi  bacUione  caibonyl  oxygen  of  Hx?  hinge  residue  Qu^*L 
In  addilba  Hie  B  rirg  of  quercetagetin  binds  deep  inside 
Hie  PIMl  ATP-bindIrg  pocket,  wiHi  the  4'-hydroxyl  group 
hydrogen-bonded  to  Hie  side  chains  of  two  higlily 
con.seived  n^idue.s,  Lys*’^  and  Qu**L  However,  significant 
differences  were  also  observed  between  the  current 
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structure  Jnd  thetwoivpoftedsti  uctuirti.  In  both  IRSVVand 
1X02,  the  4-k;eto  group  of  the  diron>enoi>'  coie  of  the 
compound  foimed  a  h>’di\>gen  bond  with  the  same  hinge 
amide  nitrogen  in  phoiplottdylinositol  3-kinase  y 

(Fig.  3D)  and  Val”^*  in  QDK6  (Fig.  3F)J.  Howevvr,  there  is  no 
diiect  interaction  betweai  the  4-keto  group  of  queroetagetin 
aixi  the  amide  nilrc^n  of  the  corn^-ponding  residue  Pro'^ 
in  PIMl  because  proliiw  is  incapable  of  acting  as  a  hydro¬ 
gen  bond  diincx.  Imteid,  the  4-keto  group  of  queroetagetin 
make,  close  con  tact  with  Uv  boclione  Co  of  Aig“^  (3.4  A). 
It  is  not  clear  whetl^er  this  interaction  makes  a  jxisiiiw 
contribution  to  the  biivlipg  of  queicelagetin  to  HM 1. 

The  B  ring  of  quercelagetin  binds  deep  in.side  the  PIMl 
ATP-binding  pocket.  The  4'-hydro\yl  gioup  h>rms  hydro¬ 
gen  bonds  willi  both  and  Glu"*',  two  of  the  most 

conserved  lesidues  in  kinases.  As  has  been  noted, 
satisfying  tlw  hydrogen  bonding  requiienvnLs  at  tliis 
legbn  is  oiw  of  the  determining  fealuit^s  of  bindbg  of 
oom|H>unds  to  RMl  (13). 

\%3ien  compared  with  quercetagetia  the  chmmenone 
core  of  myrioetin  (Fig.  3B)  and  5,7,3',4VS'-pentahydroxyfa- 
vone  (Fig.  3C)  has  flipped  180*  in  PIMl  such  Uiat  tlie  B  i  ing 
IS  now  oriented  towaid  llie  entrance  of  Uie  ATP  pocket.  A 
possible  explanation  forackipting  this  oi  ientalion  is  thot  the 
interior  of  tlie  ATP  pocket  cannot  accommodate  Uie  B  ting 


wiUi  Uiiee  hydroxyl  substitution.s.  AlUxiugh  tliey  bind  in 
the  same  orientatioa  llvre  are  imporLint  differences 
between  the  binding  poses  of  Uie  two  compounds,  whidi 
can  be  attributed  to  tlie  presence  or  ab.sence  of  the  3- 
hydroxyl  gioup.  The  3-li)dioxyl  gmuji  in  myricetin  stili 
makes  a  hydrogen  bond  with  the  carbonyl  oxygen  of 
Glu’^,  despite  the  difference  in  binding  oiientation. 
Because  of  tiv  adpcent  4-keto  group,  Uv  3-hydroxyl  is 
likely  to  be  most  acidic  of  all  Uie  hydroxyl  groups  in  the 
cotnjxiund,  and,  as  a  result,  it  dictates  Uie  owrall  posk 
tkining  of  Uie  com|xiuiid.  Another  interaction  Uiat  nviy 
contifoule  to  the  observed  binding  P<^  *5  hydrogen 

bond  between  Uie  3-hydixixyl  group  of  myr  icetin  and  Uie 
caibonyi  oxygen  of  Pro’^^  (Fig.  3B).  The  iiii|iorUnce  of  the 
3-hydioxyl  grtiup  is  evident  Tlie  .second  compound, 
5,7,3',4',5'-pentahydroxyflavone,  lacking 
makes  no  direct  interactkin  with  tlie  hinge  legi^m. 

Queroetagetin  Inhibits  PIIVTI  Kkiase  Activity  in  Intact 
Cells 

To  determine  if  quercetigetin  could  act  as  a  ceil- 
iwriivable  PIMl  inhibitiir,  we  examined  the  activity  of 
the  flavonol  in  R\VPE2prosL3te  cancer  cells.  VVe  studied  Uie 
phosphorylation  of  endogenous  BAD  on  Ser*“,  under 
conditkins  of  growth  f.ictor  stirvation,  as  an  indicator  of 
mtracenular  PIMl  activity  (Fig.  4). 
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Table  1 .  Quorcetagetin  it  a  taiocthw  kihSiitor  of  the  PIM1  kinase 
over  other  0ADtS112|  kkiaset 


Kjiueic 

(>itnol/l.) 

l  (pnwl/ 1) 

.SKof  k>glC,„ 

K2 

PtMl 

OM 

-0  4ft 

0.12 

0.98 

rt\t2 

3.45 

055 

022 

094 

PKA 

212 

153 

023 

094 

ILSK2 

2JR2 

04s 

009 

0.99 

.NXyTK  Al  diu  H'crv  det\‘cJ  from  norunrar  4 

fr^rw-parjcncVf  ictfftf.ic  tut  afnvimm  4  Hfl  a>L'fra.^en1  erf  1. 


R\VFF2  cells  infected  with  a  «co-expiessing  letrovims 
shelved  little  phO(spJto-BAD(SI  12)  when  cultured  o\  einigjtl 
inba^al  serunvfree  inediunv  However,  cells  with  enforced 
expi^ssion  of  PI\tl  kiatse  Krd  a  4- fold  higher  amount  of 
phosphvBAD,  reflecting  Ihe  ability  of  the  PIMI  protein  to 
phosphory’lite  tl»  endogenous  BAD  protein.  \%'lten  piw-I  - 
expressing  oe Ik  were  treated  with  quercetagetin,  phosplx>- 
BAD(SII2)  levels  weie  markedly  leduced  in  po|X>ition  to 
tlte  concentration  of  the  it^ibitor.  Half-maximal  Inliibition 
occuned  al  55  M^mol/L  extracellular  concentralxaa  Quer- 
cetjgetin  did  not  inltibit  llie  activ  ity  of  tl>e  AKT  kinase 
under  these  conditbrts,  as  indicated  by*  persistent  phas- 
phoiylalion  of  AKT  on  Ser"*^.  These  data  indicate  tlaat 
quercetagetin  was  able  to  selectively  block  the  ability  of 
PIMl  to  phosjilaotylate  BAD  in  inUvt  cells. 

QuercetagetinTreatment  Reproduces  a  Known  pkn-l 
Knockdown  Phenotype 

If  quercetagetin  acts  as  a  true  FIMI  inhibitor,  tlaen  it 
shouU  reproduce  a  pirrj- 1 -dependent  pherxaiype  in  tlae 
target  cells.  We  hive  sJxawn  lliat  PI\f  I  inJiibition  by  genetic 
naears  (small  inteiferlng  RNA)  inlaibits  llae  proliferation  of 
RWPEl  and  RWPE2  cells  (Supplementary  Fig.  SI).**  We 
tlaerekaie  determined  if  quercetagetin  could  reproduce  tlais 
phenotype.  RWFF2  cells  were  treated  with  quercetagetin 
for  up  to  72  h  (Fig.  5A).  Marked  dose-deperadenl  growth 
inlaibition  was  apparent  by  24  h,  leading  to  persistent 
grxawtla  arrest  thereafter.  QuerceLigetin  repividuced  this 
prni- 1 -dependent  phenotype  at  a  drug  concentration 
tlaal  Inlailhled  the  en?ynae  in  cells  (FDUo,  3.8  |unol/U 
Fig.  5B).  Similir  rxsulLs  were  .seen  in  R\%PE1  cells  (data 
r»l  .sJaown).  Apoptotic  cells,  showing  cyltapla.smic  blebbing 
and  detaclament,  were  rare,  but  dividing  celk  virtually 
disappeared  in  cultures  treated  with  quercetagetin  at 
625  pnxil/L  or  higl^er  corveentratioixv  (data  ixM  shiwn). 
DNA  hklograntv  obtained  at  24  h  after  tlw  additbn  of 
queicetageiin  (625  pn’iol/l.)  or  DMSO  vehicle  were  very 
similar  (Fig.  5C)-  Neither  showed  a  <2n  population  sugjges- 
live  of  apoj^o.si.s,  Tlwre  was  a  sliglil  increa.se  in  the  propor- 
ti^vi  of  cyeling  cells  (S  +  Gj-M)  In  the  drug-treated  sarnplov. 

A  PlMl  inhbitor  would  be  predicted  to  inliibit  tl>e 
growtlr  of  cells  tlut  exj^e.-ss  tl>?  molecular  target,  more  tlvin 
celk  with  little  or  no  pim-l  expression.  We  examined  tie 
effects  of  quercetagetin  on  the  growth  of  prostate  cell  lines 
tlrat  express  a  .spectrum  of  PIMt  levels  RWPF2  cells 
exj'iessed  the  hig,ltest  amount  of  PfMl  protein;  PC3had  an 
internediate  level;  and  LNCaP  cells  slx>wed  the  lowest 


amount  of  kina.se  pmtein  (Fig.  6A).  Tieatnent  of  the 
cells  with  various  coiicentratiors  of  quercetagetin  for 
72  h  resulted  In  inhibition  of  cell  growth  (Fig.  6B).  At  all 
concentration.s,  RWPE2  cells  were  inhibited  the  rrxist,  being 
significantly  more  .sensitive  to  quercetagetin  growth  inhi- 
bitbn  tlon  the  other  pixwute  cancer  cell  lirres  PC3  cells 
showed  Intermediate  growth  suppression  and  were  also 
significantly  more  sensitive  than  were  IJsfCaP  cells  at 
quercetagetin  concent  rations  of  5:125  ^mol/l..  TJau.s,  the 
ability  of  tlae  flavxanol  to  inhibit  proliferation  was  propor¬ 
tional  to  the  amount  of  PIMl  protein  in  tlae  target  cells, 
particularly  at  lower  drug  conceratrations.  Although  otlaer 
interpretations  are  possible,  those  data  support  our 
observation  that  quercetagetiia  can  act  as  a  PIMl  iiahbitor. 

Discussion 

The  develop raaent  of  clinically  u.seful  sraaall-raaolecule  kina.se 
inlaibitors  has  beaa  a  seminal  event  in  tlae  world  of  onco¬ 
logy.  FlavonoiJs  were  araaong  tlae  early  scaffold  str  uclurx¥» 
identified  as  potential  knaase  inlaibitors.  However,  altlxaugh 
raaany  navxartes,  isoflavxaiaes,  and  flavonols have  been  slaown 
to  regulate  tlae  activityof  kinases  in  cell- based  a.ssays,  fewer 
data  exist  to  show  tlaat  these  raaolecuKs  can  directly  bind 
and  inlaibit  kinase  targets  both  in  pHn)  aiad  iia  cells.  It  k 
ckar  that  some  flavonoids  are  ATP-comietitive  ligaiads  for 
both  tyriTsine  arad  ser  ine-threoniiae  kinasoi,  as  \Nell  as  other 
ATP-binding  enzymes.  Tlae  flavonol  qu’rcetin  is  tme  such 
lig,and,  and  its  ability  to  directly  biiad  to  ATP-bindrng 
enzyraaes  has  been  well  slaown  At  low-micrxaiaaolarconceiv 
tration.s,  it  directly  binds  aiad  inhibits  such  diverse  enzymes 
as  the  phftsphatidylirxwitol  3-kinase  (14),  tlae  epidermal 
growtla  factor  receptor  tyrosiiae  kinase  (15),  retroviral 
reverse  traiwciiptases  (16),  DNA  gyrasts*  (17^,  pJaospho- 
diesterases  (K8),  aiad  thioredoxin  reductase  (19).  Otlaer 
direct  flavonoid  Inlaibitars  have  been  do'-etbed  for  RSK2 
kinase  (24),  mit<^n-activated  piotein/extiacellular  signal- 
regulated  kinase  I  (25),  and  several  cy*clin-depeiadent 
kinases  (23,  26-2^).  Qrae  .such  liganct  flavxapiiidal,  has 
already  entered  clinical  trials  for  the  treatraaent  of  caracer. 
Others,  such  as  PD9fifK9,  are  familiar  laboratory  reagents 
for  inhibition  of  kinase  patlaways.  We  raow  slaow,  by  raaearrs 
of  cry  stall  tag  ra  play,  tlaat  quercetagetin  is  a  direct  ligand  for 
tlae  ATP-birading  pocket  of  PfMl  kinase  (Fig.  3). 
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rigura  2.  Qo*fc*wg*tn  is  •  ssisctvt  niaaior  ot  P;V1  inus.  Wa  aaor 
aci.vay  o1  n  si  1  and  10  corcsnvaicn  sgsrai  a 

ipacinjm  ot  s«ena  ihrvonna  leases  ot  a  pantl  of  Lnasss.  asssssed  try 
KyussProtlsr assay.  Ihaaci  viy  Inina  prsMncs  of  s'slacla  orVy  wasiaXan 
10  ba  100%  aci  viy.  Co/i/mn^  maan  ot  djptcaia  deiatm  nai  orts. 
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Hgur*  3.  X  ay  crystal  siru:t\jr*s 
at  ravonods  bojrtd  to  tr>#  A1P 
br>d(\»  s-tM  of  PiVl  and  compact 
son  wtn  sinxtUTM  ot  favorads  in 
complac  wth  oirw  I'cmos.  Of  t.*t# 
tto*  compounds  cocrystal  ledwth 
P  M1.<fjarc«tai9tln  (Alorontstbs  B 
cnj  ns  da  thapockat  lor.aotaton  I). 
Mharaas  t»tn  myricatn  iBj  anJ 
&.7,3'.^,5'-pantanfyd'o<yfavona  |C) 
f  p  tia  B  r'rtg  out  toward  sohwtt 
(oriamaton  l).  Bart  bndnp  orartta* 
tonshavabaanobsarvad  nrtacr>‘s 
Ql  sinxturas  of  tiavonods  bound  r* 
oibarknasas.  1Eff*V  lO.quarcainin 
compfax  w.th  phospbat  d  sf^atol 
3  k’nasa  y)  vtd  1X02  IL,  laat  n  m 
complax  wth  CO  KfD  laposant  orian 
oton  I.  wbaraaa  XOC  tr.quarcatn 
n  complax  wtt  HOC)  axampi.las 
orantst  on  ■.  AB  pctiras  show  os' 
djas  that  form  ny&oj^  botd  wtb 
r«a  inhb.rtis  {L>*s*^.  Glu**.  Gu’^\ 
ar>i  Asp’**).  In  tba  P.Vl  stiucuas. 
na  trraa  osduas  naar  tba  ATP- 
bndng  sta  that  dlfaramata  P^Vl 
rom  P;V2  tSar**.  Qu and 
aa  also  Btown.  Tha  inhbtors  ara 
coiorad  by  atom  t>'pa.  rad,  oxyqan 
atoms;  yaifosv,  carbon  atoms. 
Dashad  purpla  linas,  hydroqan 
bonds. 


Sj>ecincity  is  alwjv's  3  concern  wiUt  ATP  pocket  li^nd.'i. 
Tltere  are  probably  no  absiolutely  selectic'e  Inhibitors  for  a 
kinase  but  ratlter  ligand.s  that  sltow  a  spectrum  of  affinities 
knr  their  various  targets.  We  hav  e  .shown  tint  queicetagelin 
is  se\'eralf<.4d  more  active  against  PIMl  tlun  against  eigjit 
oUaer  seiine-threonine  kinases  and  a  tyix>=.ine  kiaase,  eitlvr 
witla  in  vilro  assays  or  in  cell  cultuas.  Inteiestingly, 
quercetagetm  showed  KVfold  laaoi^  selectivity  for  PI\fl 
than  for  the  Ivaiaaologous  PIM2  kinase  (sequence  identity 
56%).  Tlae  ATP-bindmg  pockets  of  tlaese  two  kina^ts  are 
identical  witla  the  exception  of  tiaiee  lesidues  abpg  tlae 
edge  of  the  FIMl  ATP’bindlr>g  pocket— Ser""*  (Al.^  iia 
PIM2),  Glu’^  (Leu'*"^  in  PIM2),  and  Val^*^  ( Ala“^  in  PIM2). 
Val*^*  of  PIM 1  laukt^  direct  \ an  der  Waal's  contact  witla  tlae 
A  rmg  of  queicetagetln  (Fig.  3A).  Lcrcs  of  .suda  a  contact  due 


to  the  V'al-U>Ala  .substitution  is  likely  a  contributing  factor 
to  tlae  reduced  acti\  ity  of  the  compound  in  PlMl  The  otlaer 
residut>w  are  located  ckase  to  the  hinge  Arg*~  (Arg”**  in 
PrM2)L  Tlae  polar  side  chains  of  55er^  and  Qu'^  can  form 
hy’drqgesa  bonds  with  Arg'^’,  thus  affecting  its  confoiiiaa- 
tion.  Substitutiixis  of  tho=e  residut^  to  hyxlioplaobic  amino 
acids  in  PrM2  will  change  tlae  kacal  envinaianaeiat  (Fig.  3A). 

The  only  large-scale  examination  of  the  specificity  of 
flavonoid  kinase  inhibitois  was  rej>orted  recently  Fabian 
el  al.  (8).Thls  invtst^atuan  used  a  com  jvlitiae  binding  avvay 
to  predict  the  inlaibitor  potency  and  specificity  of  tlae  U>.t 
ageiats.  FLnopiridol  was  touted  for  bindii^  affnaily  to  1 19 
kiaases.  Twent\'-thiee  kina^ts  haund  flaaxapiridd  uiader  the 
tt^tconditioo.s,  withbindingconstants  tanging  froiaa  Q019to 
6.6  juaaol/L.  Interestingly,  the  looted  cycl in-dependent 
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bound  fljvx)|^)iridol  less  well  Hun  did  caLiuin/ 
C3lnv)dulin-depeivienl  pwlein  kinase  kinase  I.  Thoiedala 
lhal  cyx:lin-dq>endent  kinas*s  may  noi  be  ll>e  only 
klna^er.  inhibited  in  cells  by  flivopindol.  B<Mh  PlMl  and 
PIM2  were  among  the  bound  kiaises,  with  binding 
oonsianLs  of  OiSland  0j65  mnol/l  ,  resjvctively.  Althougji 
theie  Is  no  absolute  corielition  between  binding  conslanls 
aj>d  en7ymatlc  activity,  flavxjpirldol  could  conceivably 
ihlubit  tlw  activity  ofb^  Pl\fl  and  PIM2  m  test  sy^steins. 


Because  queicetagetin  Kis  not  been  tested  agairtst  a  laige 
number  other  kinases,  we  cannot  piedict  what  oilier 
enA  ines  would  be  perturbed  by  tills  flivonoid.  It  is  likely, 
however,  that  its  spectrum  of  selectivity  will  be  subslanlially 
different  horn  tKit  of  flavtipiridol.  Quercetagelin  sliowed 
ckur  prefei  ence  for  inhibiting  PI  Ml  over  nM2,  wl>?reis 
flivopiiidol  dU  fKit.  Fujthennoie  qi>»rcetagetin  inhibited 
the  activity  of  the  Aurora-A  kinase  (ICs4>  ”4  mnoi/L),  a 
kinase  that  did  not  bind  flavtipiridol  (8).  The  suh^lanlial 


RWPE2/  RWPE2.'hpim1 

n«o 


B 


r»guro  4.  Oij*rc«tk9«tn  nUMs  P  VI  klnfts* 
Kiviy  in  ni*ci  C«l5.  A.  RWPE2'r>*o  or  RWP£2f 
hp  ml  c«tfs  ciiiLTcd  n  insu9pt«n)«m*d 
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lh«n  pr«pir«d  «rd  •«jn)  r>td  by  nnnnijioQfcni 
win  ilw  rv^.ciiid  ania»d*s.  B.  qjmtiMon 
o1  irM  pBAOiSI  12)i»ci  n  raio  In  immjriobbii 
by  usng  dtnslonn«iry  on  ti*  dpial  tU.  EO^, 
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hdwbgy  belwtvn  Aurt>ra-A  kinase  and  PfMI  kiaise  likeiy 
oonliibuled  lo  Uie  low-Ievel  inliibiloiy  activily  of  quercela- 
gelin  for  U>?  fi'irmer;  Auri>ra-A  and  PIMI  are  29%  idenlicai 
over  their  entire  kinase  domains;  and  the  ATP  binding 
pe«ckets  have  68%  conserved  amino  acids. 

An  earlier,  snviiier-scaie study  Kx>ked  at  Uie  effect  of  tlv 
flavxmoi  quercetin  on  tlie  in  riJra  kinase  activity  of  25 
kmast^s,  none  of  which  were  pin:  family  kinast^  (29).  At  ll>? 
tested  concentrat^n  (20  jimol/L),  quercetin  inhibited  ll>? 
ervyrnatic  activity  of  eight  of  tl>?  kiaises.  The  pitvpersily 
of  tlvis  flu’onol  to  form  aggregates  in  aqueous  solution 
has  been  advanced  as  an  expbnation  for  its  widespread 
eiv.yrw-lnhibitory  activity  in  vim  (30).  We  have  not 
detected  quercetagetin  aggregates  at  conoenlratiiws  of 
<10  juwi/L  in  aquovus  solution,  using  a  iiglit-scatlering 
assay  (data  ixM  sl^own).  Thus,  we  feei  tliat  tilts  artifact 
does  ixat  account  for  the  ability  of  this  flivonoi  to  irJvibit 
PIMI  at  nanonvolir  concentration.s. 

Because  of  the  ptvtenlial  ambiguities  iKil  rrtiy  accompany 
the  use  of  small-moiecuie  kinase  inhibitors,  a  series  of 
sUndards  have  beeiv  prtiposed  for  their  use  (29).  To 
validate  the  r«suiLs,  it  is  desirable  to  show  tKit  tlv  effects 


of  an  inhibitor  disappear  when  a  diug-rtsi.sLint  muUnt  of 
tlv  protein  kinase  is  oveiexpo>Aed.  Aithi'iugh  convincing^ 
llvis  standard  often  fails  due  to  the  lack  of  an  idevlified 
mutant  witli  tlie  desired  propertiov.  No  such  mutant  has 
been  identified  for  any  of  the  pint  kinases.  Ant'^ver 
potential  standaid  is  toshiwv  tliat  the  cellular  effect  of  the 
drug  occurs  at  ll>?  same  concentrations  tlial  prevents  the 
phosphorylation  of  an  authentic  physioiogic  sibstrale  of 
tlx?  prvitein  kinase.  We  love  seen  in  tlvse  studies  Uval  lulf- 
maxtnvai  growth  inliibition  of  prostate  cancer  cells  occuiied 
at  a  drug  ooncenlrtrlion  (38pmoI/l.)  that  approximated  the 
ICsj  for  PIMI  eiv.ynae  inhibitkan  in  ceiis  (&5  pmoi/L). 
Furtlaernxvre,  the  seieciivity  h>r  prostate  cancer  gmwth 
inhbitkaa  in  proportion  to  endogenous  FIMI  levels,  was 
greatest  at  625  juaaoi/L.  Higlaer  concentrat karts  suppressed 
growtla  more,  but  tlae  leialionshlp  to  endogenous  PIMI 
levels  was  obscured.  Thtse  data  suggest  that,  at  relitively 
low  concentrations  (perhaps  5-10  junol/L),  tlae  growth 
inhfoitory  effects  of  quercetagetin  likeiy  invoive  PIMI 
antagonism.  A  third  slaiadard  Is  to  observe  the  same  effect 
with  at  lea.st  two  structurally  unrelated  inlaibitors  of  the 
protan  kiaase.  Prevlrau^iy  described  inliibltois  of  pint 
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Tigura  6.  Quirc«i>g«tn  c  ibt  gtiwih  ot  prosim  cartotr  cats  in 
pro(on  on  ID  lfD*r  content  o1  P  M  1 .  A .  mMsurarmni  o1  ‘>rnncaaUM  P-V 1 
in  PC3.  LNCkP.  arvl  flWPE2  proisisM  carcm  catU  by  Imnunoboti  n^.  B, 
groMih  rhbi.on  byirMmn^ni  ol  piostai«c«nc4rc«Ns  wih  <|jtrc*ia9«in 
lor  72  h.  Coiunns,  maan  ol  irplcaia  damrmnarora  tiorn  orw  o1  l^o 
sm  fat  atftaemaait:  bars,  SO  P  vahjas  wata  calculned  by  r  i*ns  «nd 
npi«s«ni  irM  pnbab'iy  YhM  is  no  dttsrsrvD*  bsi^Mn  i)d»  itro 
com  par  «d  popLibnons. 

kina^t^  ai-e  eil]>?r  less  active  or  le»  specific  flavonoids 
(7,  9),  the  same  structural  class  as  quercetagelin,  or 
staurospoi  ine  aadi^ues  (8, 9, 21).  We  Uierefoie  used  small 
Intel  feting  RNA  as  a  genetic  ineaits  to  identify  a  pim-I  - 
dependent  pheiaot^-j>e.  Proliferation  of  prostate  cells  was 
suppressed  with  boUa  the  genetic  and  chemical  tnhibiUaisof 
PFNfl  activity,  Tlaese  data  show  Uaat  quercetagetin  is  an 
autlaenlic  small-inolecule  mhibiltar  of  PI\11  kinase, 

The  crystal  structures  of  PIMI  oomplexed  wlUi  querce- 
tagetia  myricetin,  ai>d  57X‘^.S’-jvntahydmxyfla\x>raone 
show  that  flavonoids  bind  to  PfMl  in  two  distinct 
orientations.  AHlxaugh  interesting,  this  is  not  a  surprising 
observation,  as  flavones  have  slaown  a  vaiiely  of  bindir^ 
modes  in  kinases  (9, 22,  23,  26-2H),  An  exammaliexa  of  llae 
intei molecular  interactiians  of  eada  flavonoid  with  PIMI 
dot'S  not  clearly  leveal  wliy  one  oriental  bn  was  adopted 
over  the  oUaer,  Hoavever,  it  Is  possfole  Uaal  Uae  presence  of 
Uaiee  hyxlroxyl  groups  on  Uae  B  ring  of  laayiketin  and 
573"/^»5-|’entalaydiv)xyflavxaiae  discourages  Uaese  two  fla- 
v-onoids  frtam  adojaling  the  bindiiag  orientation  observed 


for  quercetagelia  Tlae  hyxirophdbic  side  chain  of  IjCu*^, 
whida  exieiads  Into  Uae  ATP  poc'ket  ea  the  saiaae  region 
occupied  by  the  B  ring  of  quercetagetin  (Fig.  3A),  may’ be 
inceampalible  with  the  S'hyxiroxyl  group  of  myrioetin  and 
5,7,3',4VS'-pentahyxl  roxy  flavxane. 

BoUa  and  piw-2  can  phosphoryTale  4F.BP-I,  a 

regulator  of  proteh  Irarslalion  (31,  32).  Rapamycin  was 
unable  to  block  this  effect.  Tlaese  data  suggest  that 
kinases  may  function  In  a  parallel  paUaway  to  Uae 
phft=.phaltdylincsilol  3-kina.se/AICr/mamiaulian  taiget  of 
rapamycin  cascade  to  regulate  and  support  protein 
synthesis  under  .stress  coiaditiians.  Because  AKT-I  and 
PI\f2  function  co^^perat^vely  to  induce  ly  laaphoma  forma¬ 
tion  In  transgenic  mice  (6),  it  may  be  nectssaiy  to  target 
boUa  paUaways  for  effecliv’e  antitumor  effects.  Several 
prxitotype  ACT  irJaibitois  have  been  described  (33,  34). 
Our  identificalbn  of  quercetagetin  as  a  PIMI  inlaibilor 
prov  ides  a  U>dI  for  li.ssue  culluie  studies  to  investigate  this 
hypothesis.  Under  the  United  condilmns,  we  taund  ixa 
ev  idence  Uaal  quercetagetin  bahibiled  Uae  phiasph^arylalion 
of  ACT  on  Ser'*'^.  Thus,  it  lavay  be  jxassible  to  combine 
iialatbilois  of  lht¥^  kiaa.ses  to  detect  additive  or  syiaergislic 
effects  losulling  frona  Uae  blockade  of  the  two  kinase 
pathways. 
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Alisinct — Tlic  PIM-I  {Hotciii,  tlic  pioduct  of  tlio ptm-l  oitcogviic,  scriitc/iluconfaw  kiaa.^o.  DysxogiJatbii  of  tlic  PIMO  ktttasc 
\i.M  been  implicated  in  tlic  devcl^ncnt  of  human  maiiaiancic«  including  lymphomas,  lcuL'ctnia%,  and  pro.datc  cancer.  Com]3aiativo 
inolfxnilai  field  analyas  (CoMFA)  b  a3-DQSAR  technique  that  has  iven  widely  used,  with  notable  success,  to  coiicbto  biobgioal 
activity  with  the  steib  and  ciccti osi atic  piopcilbs  of  ligands.  We  have  used  a  set  of  15  Havonoid  mlul>itori  of  tlie  PIM*I  kinase, 
aligitod  dc  novo  by  coininon  sulutiuctuie,  to  gci'jerate  a  CoMFA  model  for  tlie  purpose  of  elucidating  th.c  steiic  aitd  electrostatic 
propenbs  mvolved  in  ftavonoiJ  binding  to  tlic  PIM-I  kinase.  Piiiul  least  squaics  coriclatbn  Ivtwcctt  obseived  and  predicted 
nihibitoi  |X)tency  (expressed  as  -bgICj<),  using  a  non-er<K.s- validated  partial  least  squares  analysis,  gcneiated  a  n  on -or  otss- vali¬ 
dated  =  0.1105  for  iheua'ming  3ct(/t  =  l5)of  llavonoids.  TheCoMFA  generated  stei  re  map  indicated  tliat  tluc  PIM*M>mdmg  site 
wasstcricafly  lurrdered,  leadmg  tomorecITtoicnt  bhidmg  of  i>lariai  molecules  over  {R)oi  (S)  coin|X>und.s.  Thcebetroistaticinapidcra- 
tified  iliat  |x>sitive  charges  near  tlu:  fLavonokl  au^n  attd  negative  charges  near  C4'  itjcreascd  fiavortokl  binding.  Tlic  CoMFA 
model  aecurately  |>rcdicied  tiu:  pj^tcncy  of  a  test  .set  of  fiavorKn^  (n  =  generating  a  conclatbri  Ivtween  obseived  atad  inodieted 
potency  of  =  0.821  CoMFA  models  goraerated  from  additbnal  aligiunent  rules,  which  were  guided  by  co-ciystal  structure  ligand 
oticntations,dkl  not  irnpr  ove  tlic  cor  rebtive  value  of  tlic  model.  Superirnpotsing  tlic  PIM-I  kinase  crystal  structure  onto  theCoMFA 
contours  validated  tlic  sterie  and  eL'ctio.statie  maps,  elucidating  the  amino  acid  residues  tltat  ix>tcntuUy  conti  iliutc  to  the  CoMFA 
fieldv  Thus  wc  Itavc  generated  the  fust  predetive  model  tliat  may  boused  for  tlic  rational  design  of  small-moleeulo  inhibitors  of  the 
PIM-1  kinase. 

©  2007  Publtshcd  by  FJscvicr  Ltd. 


1.  introduction 

'Ilic  PlM-1  protein  is  a  scnnc/thrconinckimsc’"’  th.it  has 
heen  shown  to  be  involv'cd  in  the  regulation  of  cell  sur¬ 
vival,  dtlTcrentution,  proliferation,  and  tumoncencsis 
(for  review',  see  Refs,  4,5).  ITie  pitrul  gene  wa.s  first 
identilicd  as  a  preferential  proviral  insertion  site  of 
Mobney  Murine  Leukemia  Virus  in  virally  induced 
T-ocll  lymphomas  in  mice.*  In  humans,  pmt-I  is 
expressed  m  normal  lymphoid  tissues  (hone  marrow, 
spleen,  thymus,  and  lymph  nodes),  testis,  and  arculating 
myrloid  cells.^-*  Although  its  speahe  rob  is  not  known, 
the  PlM-1  kinase  hasb«n  shown  to  he  an  integral  part 


KeynorJr.  pEn*t;  Corr.pantiw  mdloi'uUr  heid  nihiaii  (CoMFA); 
Flivonokh;  Kmi.«  iiihftjjlars. 

•  Conenponding  author.  Teb  *-1  202  6S7  SM3;  bv  «-t  202  657 
7659;  e-nuit  inhSUggeorgrtow-n.odu 

09fi?^CW6'S  •  SOS  front  mitlcr  C  2037  Puhhihcd  by  nsoicr  Ltd 

doitO  t0t6.ybnx.2037j(yi.(125 


of  growth  factor  signaling.^^^  Additionally,  the  PIM-1 
kinase  is  involved  in  reguLi  ting  the  activity  of  phospha¬ 
tases^*’^’  and  transcription  factors,^ and  has  been 
shown  to  phosphorylite  heterochromatin  protein  I 
(IIP1),“  Pim-1  associated  protein  1  (PAP-1),**  and  the 
nuclear  mitotic  apparatus  protein  (NuMA),^  all  nucEar 
proteins  involved  in  chromatin  remodeling.  Th:  PIM-1 
kinase  has  also  heen  shown  to  phosphorylaie  and  m 
inactivate  the  pro-apoptotc  protein  BAD.***^* 

Whib  the  PIM-1  kirusc  is  involved  in  numerous  signal¬ 
ing  events  in  normal  cells,  pht-I  knockout  mice  only 
exhihii  a  minim.1l  phenotype.  The  near  normal  pheno¬ 
type  of  these  mbe  is  attributed  to  functional  compensa¬ 
tion  hy  other  members  of  th:  PIM  family  of  kinases, 
namely  PlM-2  and  PIM-3.**  Not  surpnsingly,  hemato¬ 
poietic  cells  taken  from  triple  knockout  mbe  devoid  of 
PlM-1,  PlM-2,  and  PlM-3  demonstrated  to  have  an 


ricasc  cite  tUi.i  aillcb  m  press  at  Holder,  S.  cl  al.,  Bioorg.  ,K(ed.  Oietn.  (2007),  doi.lO.  l0l<vTl3aic2007.0fi.025 
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«  impaired  response  to  growth  factors.^  \Miilc  the 
ahsenoe  of  />»«-/  showed  minimal  adsxrrsc  effects  in 
mice,  o>rr-cxpressicHi  of  pint-1  has  been  shown  to  have 
significant  effects  on  cell  sursiVal.  In  Mtro  studies  reseal 
that  enforced  expression  o(pin-I  caused  increased 
cellular  proliferation,  decreased  apoptosis  and  cell 
death,  increased  cell  survK'al,^  and  protection  from 
toxin- induced  cell  dcath'^  in  the  munne  bone  marrow 
FDCPl  cell  line.  Enforced  expression  of  human  pim-1 
in  cells  also  resulted  in  IL-3-indcpcndcnt  cell 

M  survi>-al.*’  Furthermore,  pint- 1  has  been  shown  to 
cooperate  with  both  e-mve  and  N-fnyc  in  hematopoiette 
oncogenesis*  and  significant  oser-expression  of  pint-1 
has  been  demonst  rated  in  clinical  cases  of  l>Tnphoma,^^*^ 
leukemia,^  and  prostate  cancer.^'’* 


LogP 


Comparative  molecular  field  anal>-sis  (CoMFA)  is  a 
threc-dimcnsicxial  qu:intitati>e  molecular  modeling 
technique  used  to  stud>'  relationships  hetween  ligand 
structure  (steric  and  electrostatic  properties)  and  biolog¬ 
ical  activity.  The  final  validated  model  can  he  used  for 
»)  the  design  of  novel  ligands  and  to  predict  the  functional 
activity  of  those  ligands  before  synthesis. 

In  addition  to  its  successful  use  to  evaluate  the  proper¬ 
ties  of  the  binding  sites  of  kinase-specific  inhibitors,^ 
’*  the  CoMFA  mcthodolog>’  has  shown  utility  in  evalu¬ 
ating  the  ligand-bmding  sites  of  numerous  reoeptors,^^ 
^  calcium  channels,**  chromosome  p450  enz>Tncs,*^^ 
human  immunodeficiency  virus- 1  integrase,®*  and  |V 
tubulin.^  In  each  case  the  CoMFA  models  demon¬ 
strated  a  strong  correlation  between  predicted  and 
«  experimental  ligand  activity. 


I.  ProdxtTvv  vihie  of  \q$P  wsus  inhihrtor  potency  for  the 
training  set. 


Dtpole  Moment  (units  DeOye) 


Mfore  2.  Prodiclh'e  value  of  dipole  moment  vettttt  inhibitor  potency 
for  the  trainins  set. 


101 


no 


We  have  constructed  Co.MFA  models,  aligned  with  and 
without  crj'stal  structure  guidance,  for  flavonoid  ligands 
of  the  Pl.M-1  kinase  using  a  training  set  of  15  fiavonoid 
probes  for  which  we  have  determined  the  inhihitoiy  po- 
tcnc>’  against  the  PIM-1  kinase.  Here  we  describe  the 
electrostatic  and  stcnc  properties  of  the  Co.MFA  model. 
We  demonstrated  its  utility  as  a  predictive  model  of  fla- 
vonoid  potency  using  a  test  set  of  six  tlivonoids  that 
were  not  included  in  the  training  set.  Wc  also  validated 
the  model  hy  overlay  with  a  PIM-I  kinase  crystal  struc¬ 
ture  to  elucidate  the  amino  acid  residues  that  may  pro¬ 
vide  an  explanation  of  the  CoMFA  contours. 


Q2  2.  RcMilts 

Simple  correlations  between  PI.M-I  kinase  inhibition 
and  fiavonoid  log  P( Fig.  1 )  or  mofecule  dipole  (Fig.  2) 
resulted  in  poor  correlations.  This  suggested  that  other 
parameters  arc  important  for  kinase  inhihitbn. 

Hence  we  generated  CoM  I'A  models  of  fiavonoid  inhib¬ 
itors  of  the  PIM-I  kinase.  'Ihe  structures  and  corre¬ 
sponding  -logICso  values  for  the  training  set  of 
fiavonoids  arc  presented  in  Table  1.  A  ctoss- validated 
partui  least  squares  aail>‘sis  determined  the  optimum 
number  of  components  for  use  in  non-cross-validatcd 
analysis  to  be  2  (Table  2). 


Using  the  alignment  rule  for  model  1  (Fig.  3),  a  non- 
cross-vaKdatod  partial  least  squares  regression  analysis 
of  potency,  expressed  as  -logIC<o,  and  CoMFA 
descriptors  generated  a  CoMFA  model  with  ep=  0.805 
for  the  training  set  (sec  Table  I  and  Fig.  4a).  The  Co.M¬ 
FA  model  provided  an  improved  corrclatbn  to  fiavo¬ 
noid  potency  compared  with  logP  (/T  =  0.4803)  or 
dipole  moment  (/?*  =  0.1749)  for  the  same  set  of  data. 

Wc  validitcd  the  CoMFA  model  by  determining  bow 
accurately  it  could  predict  the  lC<o  values  of  a  test  set 
of  compounds  (fiavonoids  not  included  in  the  training 
set;  Table  3).  Wc  compared  the  Co.MFA  predicted 
-logIC5o  wth  the  cxpcnmcntal  -logIC<o  for  each  fia¬ 
vonoid  in  the  test  set.  The  model  showod  a  strong  corre¬ 
lation  hetwocn  predicted  -IogIC5o  and  cxpOTmental 
-logIC5o  with  a  correlation  cocfiicicnt  of  =  0.829 
(Fig.  4h).  These  data  demonstrated  tlut  the  CoMFA 
model  could  successfully  predict  the  potency  of  fiavo¬ 
noid  inhibitors  of  the  PIM-1  kiaisc  not  present  in  the 
training  set. 

The  steric  and  electrostatic  contributions  to  the  model 
were  determined  to  be  0.626  and  0.374,  respectively, 
and  are  represented  graphically  m  Figure  5.  For  electro¬ 
static  contributions  the  model  predicts  that  increased 
binding  will  result  hy  placing  more  negative  charge  near 
the  fiavonoid  C4'  position  and  more  positive  charges 
ncarCS.  For  steric  contributions  the  model  predicts  that 


Please  cite  llm  ailiele  in  pfes.sa.s;  fioldei,  S.  el  al.,  Bioorg.  Med  Chem.  (20()7),  doi.lQ  IQl6;‘j.l*no.20()7j(kjj025 


120 


no 


140 


19 


Michael  B.  Lilly,  MD 
W81XWH-04-1-0887 


lejuntmr  owiuttd 


mucle  m  pbbss 


S.  Holier  tt  I  Ih^org.  \fai  Chem.  xxx  (M)7J  xxx-xxx 
TmUc  I.  Structjres  and  nan  cross-vaHcliled  PLS  anal>'!(K  for  the  traininf  *«  u-^ng  miitpie  alignn;<n» 
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n. 


l-m  12, 13 

11 

14 

15 

Compound 

R| 

Rj 

Rs 

Ra 

Rs 

R*  Rr 

R« 
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1  fqueoetagetin} 

oil 

OH 

OH 

OH 

II 

II  OH 

oil 
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11 
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OH 

OH 

11 

OH 

Oil 

11  OH 

oil 
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OH 

11 

OH 

11 

11  OH 

oil 

OH 

11 

4  (mjTxrtin) 

OH 

OH 

II 

OH 

II 

11  011 

oil 

Oil 

11 

5  (apifaiin) 

11 

OH 

11 

OH 

11 

11  II 

OH 

H 

11 

6  (queoetin) 

OH 

OH 

11 

OH 

II 

11  OH 

OH 

H 

11 

7  (lutedin) 

II 

OH 

11 

OH 

II 

11  OH 

OH 

H 

11 

S  (morin) 

OH 

OH 

11 

OH 

11 

011  11 

OH 

H 

11 

9 

11 

II 

II 

OH 

II 

11  OH 

11 

H 

11 

10 

11 

II 

11 

OH 

II 

11  OH 

Oil 

OH 

11 

12 

11 

II 

11 

OH 

II 

II  II 

11 

H 

11 

13 

11 

II 

II 

OH 

Oil 

11  II 

OH 

H 

11 

Compound 

Model  1 

Modrl  II 

Model  111 

loslC«(;iM) 

-loglC^  (mM) 

- 

logic, n  OiM) 

Ohtd 

Pred* 

Res 

Pred* 

Res 

Pred* 

Ret 

1 

047 

020 

027 

02S 

0.19 

032 

0.15 

2 

037 

031 

016 

031 

0.06 

0.34 

0.03 

3 

0.19 

023 

005 

0.^ 

0.11 

0.02 

0.17 

4 

Oil 

OJK 

•  018 

0.10 

0.21 

0.OD5 

01 

5 

0.03 

0.09 

-0.06 

019 

0.17 

021 

-018 

6 

-0.(M 

-025 

021 

-029 

0.21 

-039 

035 

7 

-020 

-0  12 

O.OS 

0.16 

•  0.01 

-019 

-0.01 

8 

-043 

-0.7S 

035 

-oia 

039 

-0.80 

037 

9 

-OM 

-0.9S 

033 

-0.91 

0.25 

-0.88 

022 

10 

0S9 

03;6 

0.03 

-0.84 

•  0.05 

-  0.67 

023 

II 

1  10 

1.76 

0.67 

-1.77 

0.68 

Ii2 

072 

12 

1.15 

-0  9S 

0  17 

-091 

•  0.23 

-089 

026 

13 

-134 

0^ 

•  0.46 

0.S9 

-0.45 

-056 

0.4S 

MW 

-ITS 

-105 

♦  0.73 

-103 

-0.75 

-101 

-0  77 

I5^«S) 

203 

-I.7S 

025 

-\R\ 

0.22 

-154 

-019 

Olxd.  obsenvd  value,  pred,  predicted  value;  res.  recduaL 

•Generated  from  CoMTA  non cross-validited  run  (lee  Section  4).  /C  *  O.S05  (modd  f),  0  SOD  (model  If),  0.7SI  (model  Ilf) 

Table  2.  Cro«  valxiated  partial  lca.st  squires  analjsH  u.sing  multiple  alignments 

Components 

Modd  1 

Model  II 

Modd  111 

% 

% 

% 

R^ 

1 

06R2 

0.303 

0686 

0.296 

0711 

0244 

2 

0.610 

0  4S7 

0630 

0.452 

0654 

04W 

3 

0.679 

0.416 

0.669 

0.433 

0.696 

0386 

4 

0691 

0.450 

0731 

0.385 

0.728 

0  390 

5 

0.77S 

0.374 

0.760 

0.401 

0.787 

0358 

6 

0S6I 

0.3IS 

0319 

0.382 

0864 

0312 

s,stajidird«rTar  forthec:rtimat«of  IcijIC^  Jt^,  comelatian  on«iiident.(^timumnumher  ofcomponeitafarmodd  I  »2(^  • 
(jr'  ■  0.452),  mocfcl  in  i«  2  ■  0  /<09). 


0  4R7>,  model  nK2 


adding  bulk  near  the  C3'  and  C6'  positions  will  impros'c 
binding. 

Weexaminod  the  interactions  of  the  most  potent  FlM-1 
antagonist,  quercctagctin  (IC^=  0.34  pM),and  those  of 
the  least  potent  tlivonoid.  compound  15  (lC<o  = 


107  pM).  with  the  stcnc  and  electrostatic  contours  of 
the  model.  The  model  elucidates  at  least  one  reason  for 
thedramatic  differences  in  potcnc>-  between  these  two  fla- 
vonoid  compounds.  As  illustrated  in  Figure  6,  queroc- 
tagetin  lies  almost  completcl>-  flat  within  the  contours. 
In  this  position  the  C3^  and  C4^  h>-drox>l  groups  on  the 
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Fjl*rr3.  CoMFAnKxklali^nKTTt  niVx.(a)  In  mo<iel  I  compounds  2~2 1  wxrcaifnedby  owUppinj*tc*n»  nilicatedbyred  dicks  (2))  In  mods!  11 
mjTioetin  was  ab^ivd  to  qucTCCta^etin  acccrdn^  to  fiieir  respectiw  poses  wnhin  Ae  co-cmlilfard  PINf-1  stnttuiw  To  acbcwe  ft»  aSpencnt  the 
protem  crs-stil  structure  badcbcnec  of  PIM  UqaerdUpetm  »i»J  PIM-I/mjTKCtin  were  abfned.  The  reUtKinsbcp  of  the  qucceUfetin  pose  to  the 
myrioetin  pose  it  2h»tratod  byosvrUpof  atoms  in dkated  by  bhie  squaret  andred  circks.  CompoicKb  2,  J,5  21  «xre  aliped  to  queiceUfetm  as  in 
model  I  indicated  byjroen  trianfks).(c)  In  model  III  compoundsJand  IO»xre  ah^ned  to  thecocrystadhTcd  pose  ofmyrx*etin  Comp<Jundt2,5  9, 
11  21  »rre  a£;ned  to  the  co  crysulhredpose  of  queiceti^etm  (d)The  aystalposec  of  querceUfetm  (blue)  and  nnT*:«jn(5reen)  in  thePlM-1  ATP- 
bmdinf  pocket. 


B  nng  a  re  directed  toward  the  area  revraled  by  the  model 
a?  favorable  for  negatiw  charges  (red  contours).  In  con¬ 
trast,  compound  15  has  a  chiral  center  at  the  C2  position 
and  docs  not  !»:  flat  wthm  the  contours  (because  of  the 
sp’  b>’bridi7ation).  'I  he  B  ring  of  this  flavonoid  is  posi¬ 
tioned  deep  within  a  region  where  the  nwdel  predicted 
less  bulk*  would  improve  binding (jellow  contour),  llenoc 
i«  the  model  elucidates  the  steric  interactions  that  make 
compound  13  a  poor  HIM- 1  kinase  inhibitor,  th:it  i.s, 
the  position  of  tie  B  ring  produces  steric  hindrances  that 
discourage  flavonoid  binding. 

We  sought  to  further  valiAite  the  CoMFA  model  by 
comparing  the  steric  and  electrostatic  contours  of  the 
model  with  a  Pl.\1-I  kinase  crystal  structure.  We  have 
previously  reported  the  crystal  structure  oft  he  PIM-1  ki¬ 
nase  in  complex  with  quercctagctin.*'’  We  superimposed 
the  qucrcctagetin  in  the  PIM-I  co<rystal  structure  onto 
IM  the  qucrcctagetin  in  the  CoMFA  training  set  and  cxiim- 
inod  the  amino  acid  residues  involved  in  flavonoid  bind¬ 
ing.  In  the  areas  where  the  model  predicts  improved 
binding  by  the  addition  of  more  positive  charges,  there 
arc  potential  interactions  with  negatively  charged  acidic 
side  chains  (Glu‘**,  Asp**^  A.sp”‘,  Glu***).  Similarly, 
the  electrostatic  contour  la  voting  negative  charges  envel¬ 
ops  the  positively  charged  side  chain  of  Lys*"^  (Fig.  6a). 


gion  identified  in  tlie  cp-stal  structure  that  corresponds 
to  regions  in  the  CoMFA  model  where  reduced  bulk  will 
improve  binding.  The  model  also  identified  a  solvent 
exposed  area  near  C7  as  a  region  wlicrc  reduced  bulk 
would  improve  bindinc.  Additionally,  the  side  chain 
of  Phe"*’  and  t  hose  of  I  Ic*^  and  He”  *  form  two  hyxiropho 
bic  pockets,  llic  model  accurately  identified  both  of 
these  pockets  as  regions  where  the  addition  of  bulk  would 
improve  Nnding  (Fig.  6b).  llenoc,  a  comparison  of  the 
electrostatic  and  steric  CoMFA  fields  with  the  PlM-l  m 
kinase  aystal  structure  validates  the  striking  accuracy 
of  this  Co.MFA  model  of  the  PI  M-1  kinase. 

To  address  the  finding  that  flavonoidsbind  to  the  PIM-I 
kinase  in  at  least  two  dilTcrcnt  orientations  we  created 
additional  CoMFA  modek  using  ahermte  alignment 
rules  (Fig.  3).  Model  II,  in  which  myricetin  was  aligned 
in  the  training  set  of  compounds  according  to  its  crystal 
pose  rather  than  by  supcrimposition  onto  quercctagctin 
over  their  comnoon  substructure,  showed  no  improve¬ 
ment  over  model  1  to  predict  the  potencies  of  the  test  a:o 
set  of  compounds  (F'ig.  4).  Similarly,  mold  III,  in  which 
myricetin  and  compounds  3  and  10  were  aligned  in  the 
training  set  according  to  the  crystal  pose  of  myricetin, 
showed  no  improvement  over  model  1  in  predicting 
the  potenaes  of  the  test  set  compounds  (Fig.  4). 


The  steric  fields  were  ako  confirmed  by  the  PlM-1  ki-  In  light  of  the  stcrically  restricted  nature  of  the  PlM-1 

nasc  cry'stal  structure.  ITie  bulky  side  chains  of  Val  “,  kuuse  ATP  binding  site  we  evaluated  the  relationship 

191  Ala^\  and  Lcu'^sterically  hinder  large  groups  in  the  re-  between  volume  and  potency  for  flavonoKi  inhibitors 

Plca>ccitc  this  article  in  as;  Hoklcf,  S.  ct  al,  biiuirg.  Mtd  Chem.  (2(107),  <k»,l0.l0l6/j.b«nc.2007j06.025 
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Mpn  4.  TrziningAnd  le^t  sft  uiihrcet  wet$  Tnii!tijdeili^m«Tit  rules.  The  oonelition  hetuven  predicted  ind  oh«er\'«d  pctencies  for  the  tnciipg  set 
usiitg  CoMFA  tnodelt  I.  II.  2nd  III  (1,  c,  e.  re.spocthvH*)  it  idiown.  The  tett  set  remits  for  models  I,  II,  2nd  III  2re  presented  in  psneh  b.d.  2nd  f, 
retpectis'ely 


of  the  PIM-I  kirusc.  Figure  7  demonstrates  wh;it  ap- 
210  pears  to  he  an  optimum  volume  near2 18  A*  (the  volume 
of  qixrrcetagetin)  for  flavonoid  antagonists  of  FIM-I. 
Mavonoids  wth  volumes  larger  or  smaller  than  218 
are  progressively  TSHirse  inhibitors  of  the  PIM-I  kinxse. 


3.  Divciission 

Here  we  hasr  desenbed  the  generation  of  tlx:  first  CoM¬ 
FA  model  for  PIM-1  kinase  ligands  using  flavonoid 
probes.  Sixty-three  percent  of  the  contrihutions  to  the 
model  were  stenc,  while  only  37%  were  electrostatic, 
suggesting  th:it  flavonoid  binding  to  the  PIM-1  kinase 
2:0  IS  influenoed  predominant !>•  b>'  steric  factors  rather  than 

hy  electrostatic  factors. 

T  he  steric  contours  roeal  that  the  PIM-I  kinase  ATP- 
bindmg  site  is  stencally  hindered  abosr  and  below  the 


plane  of  the  bound  flavonoid.  It  is  likxly  th:it  the  planar 
conformation  of  the  flavone  class  of  compounds  is  what 
aibws  them  to  fit  well  into  the  sterically  restricted  space 
within  the  PIM-1  kinase  ATP-hinding  site.  In  contrast, 

{/?)-  and  (JS'Fi^ivanones  (compounds  II,  14,  and  15), 
which  have  a  chiral  carbon  at  the  C2  position,  arc  infe¬ 
rior  PIM-I  kiaise antagonists  compared  to  the  flavoncs  2.« 
(see  Hg.  6  and  Table  I ).  Our  model  was  able  to  predict 
the  rclatise  order  in  regard  to  caintiosdcctise  inhibition 
{R  >  S)  of  compounds  14  and  I5.  It  apps^rs  that  a  pla¬ 
nar  confomution  is  advantageous  for  Inhibition  and 
presumably'  would  not  be  limited  to  the  flavonoid  class 
of  compounds.  It  is  more  likely  that  this  favorable  char¬ 
acteristic  will  he  found  in  small-moleculc  inhibitors  of 
the  PIM-I  kinase  as  a  group. 

As  demonstrated  m  Figure  7,  the  volume  of  the  ligand 
also  appears  to  play  a  role  in  the  potency  of  flavonoid  2*1 
compounds  as  PIM-1  kinase  antagonists.  This  feature 


Please  cite  thi.t  aitiele  iii  pies.s  a.i;  Holdei,  S.  et  al.,  Biaor};.  Oum.  (2007),  doi;  10. 10l<y'j.I”ue.2Q07.0fi.025 
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TaMr  X  Ohcawcl  xnd  pTeJxtcd  potencies  fat  the  test  set  using  nsih^k  xhgTimentt 
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Ptrire  X  Compxhscm  of  fte  most  xnd  fcxsl  potent  ftivonoid  inhihitoni  of  the  PIM  I  bnise  within  the  contours  of  the  CoMPA  modd 
Qaercetxgetin,  the  most  potent  inhibrtor,  is  pxtured  in  grxy.  (S>5,7-Dih)'drasytUv»j>one  (15),  the  poorest  inhibitar.  k  pictured  in  purple.  For  the 
ekctrostxtic  contours  mcressed  binJmg  k  predicted  by  pbcmg  more  potrthe  («■)  charges  near  blue  areas  and  more  negatise  ( -)  clurges  near  rod 
areas.  The  steric  contours  predict  maeasod  bindmg  placing  more  bulk  near  green  areas  and  kss  bulk  near  yellow  areas 


is  rdatcd  to  tlx:  stcncally  rcstrctcd  aiturc  of  the  hiixi- 
ing  she.  It  appears  that  the  potency  of  a  flavoiioKl  is 
reduced  wfx:n  the  volume  of  the  llavonoid  is  too  small 
to  adeqaitely  fill  the  ATP-binding  pocket.  SimiLirly,  if 
the  volume  of  the  ilavonoid  is  too  large  the  restrictis’e 
nature  of  the  binding  pocket  results  in  reduced  etB- 
cxrncy  of  binding^  and  inferior  potency.  A  volume 
approaching  21BA^  the  volume  of  quercetagetm. 

2w  appears  near  optimal  for  Ilavonoid  inhibitors  of  the 
HIM-I  kinase. 


I  he  Co.MI'A  model  generated  a  superior  correlation  to 
ohservod  Ilavonoid  potency  than  simple  correlation  to 
either  bgP  or  dipole  moment.  It  is  important  to  note 
that  the  Ilavonoid  potencies  used  to  generate  the  CoM¬ 
PA  naodel  were  determined  using  a  solid  phase  in  vitro 
kiruse  assay.  Because  bgP  is  a  predict i\e  measure  of 
absorption,  it  is  plausiHe  that  determining  the  Ilavonoid 
potenaes  using  a  cellular  assay  would  improve  the  cor¬ 
relation  between  logP  and  observed  Ilavonoid  potency. 
Nonetheless,  the  utility  of  the  Co  Ml 'A  model  as  a  pre- 


PIcaiccitc  tliK  article  in  pics-tai;  fbkler,  S.  ct  al,  biDor^  Med  Chetn.  (2007).  doi:IQ.I0l6.tJ.l3fnc.20n7j0<5.025 
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FiCn  6.  Charjcte'tatan  of  the  ckctrcKtxtK  ind  stenc  CoMrAhcUsm-ith  axuperimpcHed  PtM  1  Ifnue  structure.  Thccn-sto]  structure  of 
the  PtM  -1  kinise  in  conpkt  «^h  quenretufetin  it  sujwrnpoiKd  on  ihe  CoMFAheklsusin;  fte  jxKitioiK  of  quenretu^etin  m  the  CT>*(t2]  and  in  the 
modd.  For  cliriw,  only  the  amino  add  residues  contrihutmf  to  the  propcnio  of  a  CoMFA  contour  are  shown  The  pictured  flawncnd  is  the 
CoMFA  modd  q'jercetapetin  structure;  to  reduce  snsual  dutter  the  PIM-1  crjtrta]  quereetapetin  structure  is  rwt  shown,  (i)  For  the  electractanc 
contours  increased  brncfag  »  prodictod  by  placet^  more  pcnithe  (♦^)  chirks  near  Hue  arow  and  more  nefathe  (-)d»ar^  near  rod  areas.  (b)‘rhe 
steric  contours  prectc  maeased  bndmf  by  pbdnf  more  btilk  near  pear  areas  and  le«  bu!k  near  >eSaw‘  areas. 
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Flfore  7.  The  ssrhcnc  of  a  fiasonc^  s  rehtcd  to  its  potency  as  an 
inhibitor  of  the  PIM-I  kiru.se.  The  hbds  on  the  poirrta  represent  the 
vciume  of  eachinhibitor.The  boldnumhers in  parentheses  identify  the 
compourd  aocordin^  to  rrumber  as  presented  m  TabJe  1. 

dictiw  model  oftlivonoid  potency  demonstrated  hy 
its  ability  to  aauratcly  predict  the  potcnc>'of  the  test  set 
of  flavonoids.  These  data  suggest  that  the  model  may  he 


an  effective  tool  for  the  in  silico  design  and  prediction  of 
additional  tlavonoid  inhibitors  of  the  PlM-l  kinase. 
Further  experiments  will  be  conducted  to  determine 
the  aocurac>*  of  u.sing  the  model  to  determine  the 
potency  of  small  molecules  that  are  not  in  the  tlavonoid 
class  of  compounds. 

Additbnally,  tlic  PlM-1  kimse  crystal  structure 
strongly  supports  the  CoMFA  model  hy  providing  rea¬ 
sonable  rationale  in  regard  to  the  amino  acid  residues 
that  may  contribute  to  the  steric  and  electrostatic  con¬ 
tours  of  the  model.  This  t>j)e  of  anal>*sis  is  fairly  unique, 
as  CoMFA  models  arc  usually  employed  when  the 
structure  of  the  cnz>mc  or  receptor  protein  is  unknown. 
SimiLir  t>pcs  of  analjscs,  where  the  contours  of  a  CoM- 
PA  model  for  a  protein  were  combined  with  a  crystal 
structure  of  tlic  cn/jmc,  ha\x?  been  dcscrihcd.’*-^^^  In 
each  case,  as  in  our  case,  the  combination  of  the  CoM- 
FA  contours  with  the  cnzyinc  structure  cluciditcd 
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citk  potential  ligand-cnzj-mc  interactions  and  allowed 
for  a  more  informed  and  prcdicthe  structure- based  de¬ 
sign  effort. 

Our  a ail>- sis  elucidated  the  three-dimensional  contribu¬ 
tions  of  specific  amino  acid  residues  to  tlx?  stcric  and 
electrostatic  properties  of  the  PI.M-I  kinase  A'l'P-bind- 
ing  site.  Results  from  these  studies  may  preside  invalu- 
iv)  able  information  for  the  design  of  potent,  sclectise 
inhibitors  of  the  PIM-I  kinase. 

Quercctagetin,  quercetin,  m>Ticctin,  and  compound  3 
share  a  common  tiavonc  scaffold  and  diflcr  only  in  the 
number  and  positions  of  substituted  hydroxyl  groups 
onto  the  flavone  backbone,  lienee,  our  presious  work 
demonstrating  that  these  flavones  do  not  all  bind  to 
the  PIM-I  kmasc  in  the  same  onentation  was  quite 
unexpected.*^ 

One  of  the  weaknesses  of  CoMFA  is  the  choioc  of  the 
301  alignment  rule.  We  show  for  the  first  time  that  caution 
mu-it  be  used  in  aligning  compounds  esen  when  they 
appear  to  base  a  common  pharma cophc«e.  The  varied 
orientation  of  tlavonoid  Nnding  to  the  PIM-1  kinase 
presented  a  potential  limitation  of  the  CoMFA  model. 
The  alignment  rule  used  to  create  model  1  did  not  take 
into  account  the  varied  hmding  orientations  (crj-stal 
poses)  that  could  he  present  in  the  training  set  of  flavo- 
noids.  Iloweser,  alignment  rules  ineorporating  thccr>'s- 
tal  orientations  of  compounds  in  the  training  set  (model 
310  II)  did  not  improve  the  ahilit>‘  of  the  model  to  predict 
the  potencies  of  the  test  set  of  compounds.  Phis  unique 
example  presides  strong  csidence  of  the  robustness  in  a 
correlated  partial  least  squares  in  regard  to  establishing 
alignment  rules. 


kiaisc.  This  general  rule  appears  true  whether  the  tn- 
h>droxyIatcd  ring  is  ring  A  (as  in  quercctagetin)  or  ring 
B  (as  in  myricetin).  An  alignment  rule  based  on  this  gen¬ 
eral  rule  would  require  compounds  3  and  If)  to  bind  to 
the  PI.M-I  kiitiscin  an  orientation  similar  to  m>  ricctin, 
rather  thin  quercctagetin.  Such  an  alignment  was 
employed  for  model  III,  with  no  improsement  in  the 
prodictise  value  of  the  model. 

The  structure  of  myricetin  is  similar  to  that  of  querec- 
tagctin,  hence  the  two  compounds  shire  similar  proper¬ 
ties  when  aligned  according  to  their  common 
substructure  (as  in  model  I).  Interesting^,  when  aligned 
according  to  their  crystal  orientations  (as  in  models  11 
and  111)  these  two  compounds  still  share  similar  spatial 
electrostatic  and  stcric  properties  (see  big.  3).  lliis  rela¬ 
tionship  likely  contnbutes  to  the  success  of  our  model. 
Our  findings  demonstrate  the  utilitj’  of  ligand-hascd 
methods,  such  as  Co.MFA,  in  clucdating  structure 
actisity  relationships;  particularly  in  eases  were  the 
binding  orientations  of  ligands  arc  unknown. 

ITius  the  outcome  of  the  three  predicthe  models  pre¬ 
sented  here  demonstrates  that  with  our  training  and  test 
set  of  compounds  CoMFA  is  sulficicntly  robust  to  pro- 
ride  prcdictise  models  despite  the  varied  binding  orien¬ 
tations  of  flavonoids  to  the  PI.M-I  kircisc.  The  utilit>'  of 
our  model  has  been  demonstrated  by  its  successful  use 
to  predict  the  potencies  of  the  test  set  of  fiavonoids 
(r‘=  0.829).  lienee  we  present  here  the  first  prcdictise 
model  that  may  he  used  for  the  rational  design  of 
small-motculc  Pl.M-I  kinase  inhibitors. 


4.  Methods 


It  should  be  noted  that,  as  a  class  of  compounds,  tlavo- 
noids  have  been  shown  to  be  inhibitors  of  other  kinases 
in  addition  to  the  PIM-1  kinase.  Protan  kiiuscC*^  and 
protein  kinase  a’®  actirity  ha\e  been  shown  to  be  inhib¬ 
ited  fy  flavonoids,  with  ICso  values  in  the  millimoLir 
3S)  range.  In  contrast,  tiivonoids  inhibit  the  Pl.M-I  kinase 
in  the  micromolar  and  submicromolar  ranges. 

Flavonoids  arc  promiscuous  compounds,  in  that  their 
crtcct  is  not  limited  to  the  kinase  class  of  cnzjmcs. 
IHavonoids  ha\e  been  shown  to  induce  nximmalian 
topoisomcrasc  1  l-depcndcnt  cleavage,’*  and  inhibit  both 
mitochondrul  NADI  I -oxidase’’ and  IIIV-I  integrasc.” 
Flavonoids  base  also  been  shown  to  inhibit  soybean 
lipoxygcaisc  and  stimulate  c>\:boxygcnasc.’’*  Gastnc 
1I+,  K+-ATPasc,’*  rcserse  transcriptases,’*  and  DNA 
3w  and  RNA  p<J>inc rases’*  arc  also  inhibited  fy  flavo¬ 
noids.  Common  to  many  of  these  studies,  regardless  of 
the  target  cnz>  mc,  is  the  ohser>*ation  that  the  polyh>xir- 
oxylatod  core  plajs  a  nujor  role  in  the  potency  of  flavo¬ 
noids.  ITis  polyhydroxylation  is  also  an  important 
contributor  to  flavonmd  promiscuity. 

Companng  the  hjdroxylation  patterns  of  quercctagetin 
and  m>Ticctin,  as  in  Figure  3d.  suggests  that  the  tri- 
h>droxylatcd  nng  of  the  flavonoids  is  preferentially  ori¬ 
ented  toward  the  same  region  when  hound  to  the  PlM-l 


4.1.  l’I.M-1  actmty 

The  ICso’s  used  in  the  CoMFA  were  rcccntlj-  reported 
for  PI.M-I  kinase  aetbity  (Holder.  S..  Zemskova,  M., 
ZJiang,  C.,  TabnTizad,  .M.,  Bremer,  R.,  Neidigh,  J. 
W.,  Lilly,  .M.  B.  CharactcrizatKtn  of  a  potent  and  selec¬ 
tive  small-moiccub  inhibitor  of  the  Pl.M  I  kinase.  .Mol. 
Cancer  ITicr.  21M)7,  6,  163-172).  These  values  were  used 
without  correction  or  normalization. 

4.2.  Molecular  mode  ling 

The  octanol-water  partition  coeflicicnt  (logf)  for  each 
flavonoid  was  calculated  using  Chemdraw  version  6.0 
(Cambridgesoft,  Cambridge.  MA).  .Molecular  dipoles 
were  calculated  using  .MOPAC  with  default  settings. 
The  molecular  volume  (A’)  of  each  compound  was  cal¬ 
culated  in  .SYBYL.  lire  structures  and  IC50  values  of  the 
set  of  flavonoids  that  form  the  training  set  arc  listed  in 
Table  I.  Table  3  Itsts  the  structures  and  IC50  values 
for  the  flavonoids  that  form  the  test  set. 

The  structures  of  all  of  the  compounds  were  constructed 
in  the  BUILD/EDi  r  mode  of  SYBYL  and  cnerg>-min- 
imizcd  by  the  conjugate  gradient  mahod  using  the  I'ri- 
pos  force  field**  from  a  starting  geometry  of  PIM-t 
bound  quercctagetin  (203P).  The  flavonoids  in  the 
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training  and  the  test  sets  ha\e  a  common  douNc  six- 
memberod  nng  structure:  henoc  atoms  in  this  common 
suh-slructurc  were  used  to  create  the  alignment  rule 
for  model  1.  All  of  the  structures  in  the  training  set  were 
aligned  o'cr  the  atoms  C4,  C5,  C6,  C7,  and  C8  of 
qucrocta^in  from  the  co-cr>'staI  structure  with  the 
FIM-1  Idnasc.  SimiLirly,  the  tlavonokJs  in  the  test  set 
were  also  aligned  over  the  atoms  C4,  C5,  C6,  C7,  and 
C8.  CoMFA,  usit^  default  parameters,  was  calculated 
in  the  QSAR  option  of  SYBYL  6.5.  The  Co.MFA  grid 
spacing  was  2.0  A  in  the  .v,  y,  and  r  directions,  and  the 
grid  region  was  automatically  generated  hy  the  Co.MFA 
routine  to  encompass  all  molecules  with  an  extension  of 
4.0  A  in  each  direction.  An  sp’  carhon  (stcrics)  and  a 
charge  of  +1.0  (electrostatics)  were  used  as  probes  to 
generate  the  interaction  energies  at  each  lattice  point. 
Ilic  default  valiK  of  30  Lcal/mol  was  used  as  the  maxi¬ 
mum  electrostatic  and  stcric  cnergj*  cutoff. 

Using  the  training  set  of  flavonoids,  cross-salidatod 
and  nt^n<ross-validatcd  partul  least  squares  analyses 
(FLS)  were  performed  within  the  SYBYL/QSAR  rou¬ 
tine.  Cross-validation  of  the  dependent  column 
(-loglCNo)  and  the  Co.MFA  column  was  performed 
with  2.0  kcal/mol  column  liltcnng.  5k;alod  hy  the  Co.M¬ 
FA  standard  deviation,  the  cross-validated  anal>’sis 
generated  an  optimum  number  of  components  equal 
to  2  and  qT  =0,495  Oabic  2).  PLS  anal>'sis  with  non- 
cross-validation,  performed  with  two  components,  gen¬ 
erated  a  standird  errew  of  estimate  of  0376,  a  proba¬ 
bility  (/J-=0)  equal  to  0.000,  an  F  value  (K|  =  2, 
«2=  12)  of  24.792,  and  a  ^■=  0.805  (Table  I).  TTic  rel¬ 
ative  stcric  (0.626)  and  electrostatic  (0.374)  contribu¬ 
tions  to  the  final  model  were  contoured  as  the 
standard  deviation  multiplied  by  the  cocIlKient  at 
80/4  for  favored  steric  (contoured  in  green)  and  fa¬ 
vored  positive  electrostatic  (contoured  in  blue)  effects 
and  at  20'It  for  disfavored  steric  (contoured  in  jellow) 
and  favored  negative  eloctrostatk:  (contoured  in  rod)  ef¬ 
fects.  as  shown  in  Figures  5-7. 

On  the  basis  ctf  this  analysis,  the  IC<o  values  of  the  test 
set  of  flavonoids  were  predicted  and  correlated  to  the 
obsened  IC50  values  as  determined  in  our  Liberator)' 
(Table  3).  ‘f  he  Co.MFA  contours  were  also  compared 
with  a  FI.M-1  crystal  structure.  A  FI.M-I  kinase  ciystal 
structure  with  bound  queroctagetin  (the  most  potent  lla- 
vonoid  inbbitor  of  the  PIM-1  kinase  among  those  we 
have  assa)ed)  was  supenmposed  with  atoms  Ol,  C2. 
C3,  C4,  C5,  C6,  C7,  and  C8,  onto  the  qucrcctagctin 
structure  in  the  training  set  of  compounds  used  to  create 
the  Co.MFA  model. 

A  ciystal  structure  of  ntynoetin  in  complex  with  the 
FIM-1  kinase  revealed  a  surpnsingly  distinct  and  differ¬ 
ent  binding  orientation  than  qucrcctagctin.*’  llenoe  a 
second  Co.MFA  alignment  rule  was  cmplo)X5d  (modd 
II),  in  which  iityrioetin  was  alined  to  qucrcctagctin 
according  to  their  ci^'stal  poses  rather  than  hy  their 
common  substructure  as  in  model  I.  To  accomplish  this 
alignment  the  twt)  cr)'stal  structures  of  the  FI.M-1  kinase 
in  compfcx  with  qucrcctagctin  and  m>Ticctin  (RCSB 
Protein  Data  Bank  codes  2(>63. 2064.  respectively)  were 


supenmposed  over  their  protein  backbones.  The  two 
FIM-f  kinase  structures  arc  notably  similar,  with  an 
RMSp  ovrr  the  complete  protein  backbone  of  only 
0.58  a.  Qucrcctagctin  and  myricctin  were  extracted 
from  their  respective  FI.M-1  kinase  protein  structures 
to  achieve  a  ligand  alignment  and  orientation  based  on 
the  crystal  poses.  The  remaining  compounds  in  the 
training  set  were  aligned  to  queroctagetin  by  their  com¬ 
mon  substructure,  as  in  model  I. 

Based  on  their  respective  h)droxylation  patterns,  com¬ 
pounds  3  and  10  were  identified  as  likely  candidates 
for  binding  to  the  FI.M-I  kinase  m  a  similar  pose  to 
m>Ticctin,  rather  than  that  of  qucrcctagctin  (sec  the  dis¬ 
cussion  section  for  a  detailed  explanation).  Conse¬ 
quently  a  third  alignment  rule  was  cmplo)ed  (modd 
III),  where  m)Ticctin  and  compounds  3  and  10  were 
aligned  in  the  ciystal  pose  of  m)Tioctin,  while  the 
remaining  compounds  in  the  training  set  were  aligned 
in  the  qucrcctagctin  crystal  pose. 
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The  PIM1  Kinase  Is  a  Critical  Component  of  a  Survival 
Pathway  Activated  by  Docetaxel  and  Promotes  Survival  of 
Docetaxel-treated  Prostate  Cancer  Cells*® 
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A  d«nnir^  characteristic  of  solid  tumors  is  th«  cipacits*  to 
dh'ido  aggrcssis’clyond  dissaminatc  under  conditiors  of  nutri¬ 
ent  d«prh*aticn,  limited  ox^igen  isxii lability,  and  exposure  to 
cslotoxic  drags  or  radii tion.  Sunis'al  pathsins's  are  acth'ited 
s**ithtn  tumor  odlstocop«s*ith  these  imbient  strewes.  Wehere 
describe  a  suoh'al  pathvus'  actisutcd  by  the  anti-oncer  drug 
doccUxel  in  prouatc  cincer  ccDs.  Docetixel  actuates  STATJ 
phcsphorflation  and  transcriptional  ictisity,  which  in  turns 
induces  expression  of  the  PIMl  gene,  encoding  a  serine-threo- 
nine  kinase  acth'ited  h\'  many  cellular  stresses.  Expression  of 
PIMl  improi-es  stinhal  of  docetaxel-treated  prostate  oncer 
cells,  and  PIMl  knockdoi*-n  or  expression  of  a  dominant-nega- 
tise  PIMl  protein  sensitire  evils  to  the  c}totoxic  effects  of 
docetaxel  PIMl  in  turn  mediates  dooct axel-induced  acthition 
cf  NPkB  transcriptionil  acthity,  ind  PIMl  depends  in  pirt  on 
RELAi'p^;  proteins  foritx  prosurchileffectsL  The  PIMl  kinase 
pliss  a  critiol  role  in  this  STATl  -•  PIMl  — •  NFkB  stress 
response  pathway  and  senes  is  a  target  for  inters'ention  to 
enharkce  the  therapeutic  effects  of  cytotoxic  drugs  such  is 
docetaxel 


A  defining  chanKteristic  of  solid  tunrors  is  the  copacit}*  to 
dh'ideq^rsftvdy  and  metostasixe  under  conditions  of  nutri- 
cn  tdeprivation  and  I  incited  oxygen  availabili  ty.  These  ro  ic  roeiv 
viron  niental  stressesarise  from  i  nadequate  perfusiert  as  the  pri¬ 
mary  tun>3r  rapidly  outgrows  its  initbl  blood  supply  and  from 
dianiatic  structural  abnornvillties  of  turner  vessels  that  lead  to 
aberrant  microcirculation  Survhal  pothwuys  are  acth'ated 
within  tumor  cells  to  cope  with  these  ambient  stresses.  Exam¬ 
ples  include  stress  pathways  that  respond  to  hypoxia  (l).oxjda- 
the  stress  (2),  and  unfolded  protein /endoplasmic  reticulum 
stresses  (3).  In  addition  to  these  microenvironmental  stresses, 
anti-cancer  treatment  can  cause  additional  stresses  to  cancer 


*  H-io  Mcrk  WK  sippcftid  by  Oopirtnnsnt cf  C^f(res.’CDr<<RP  Prosiati  Can¬ 
cer  Pre^ram  Award  WB1XWV(-(M-l-(>:€7.  Tho  com  of  putUiaOon  cf  thk 
article  w«re  dcflraysd  In  pan  by  ttv  paymart  cf  page  cnaroes.  Ttib  artkia 
muct  tt>ar(fcr«  be  hcret^  marijed  •covttt'ar^re  n  >xofdance  wttfi  13 
USjC  Seoctn  1 734  soH^  to  Irxlcato  ttib  tatt 
COmi  on-lnevofdoncfttibsniclfttaryailablaacMtpJiWwwibcjoroC'Ocntabs 
scff  tcmencal  Figs.  1S-SS. 
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dVM  CancorC«ntir,Eidg.  54.  Rm.  243,Ut^KNardty  of  CairzrriA  irrlrw.  lOI 
The  City  O,  0rar>3i.  CAMf«.T«l;  7I4-I55-S1S3;  Fact:  7l<MM-2:4^ 
E.mail;  irJlfy9uclj»du 


cells.  These  added  insults  call  forth  additbnal  responses  that 
can  augment  the  survhal  mechanisnis  of  the  malignant  celb 
and  lmp*a  ir  overall  cell  kill  Key  participants  in  stress  response  _ 
pathways  induced  by  cytotoxic  drugs  include  AKT-  and  other  S 
kinase-dependent  pathways  (4-S).  NFk*B^  pathways  (9).  and  ft 
mediatorsof  DMA  repair  (10).  ^ 

Anv^ng  the  potential  surrh-al  proteins  in  cancer  celb  are  the  ^ 
PIM  family  of  kinases,  including  the  PIMl,  PI3ri2,  and  PIM3  § 
genes.  These  sniall  cytopbsniic  serine-  th  reonine  kinases  fu  nc-  ^ 
tion  as  true  oncogenes^  promoting  the  devebpnvent  of  cancer  ^ 
inanin-sal  n>3deb.eitherabne(II)orsynergibticalIywith  other  J? 

oncogenes,  such  as.Mrc(12)i  In  n^mvil  and  nvalignant  cells.  ^ 

PIM  kinases  are  highly  regulated  at  the  transcriptional  level  ~ 

Expression  is  induced  many  cell  ular  stresses,  i  nclud  ing  cyto-  ^ 

Lines  (13).  oncogenes  (id),  hypoxia  (15).  heot  shock  (16).  and  ci 

toxin  exposure  (17).  In  addition,  PIM  kinases  are  constitutively  ^ 

expressed  ina\-3rietyofleukeniiasandIyTnph3mas(18).inhead  S 

ai>dnecksquamouscellcarcinonvas(l9).andin  prcstatecancer  £ 

(20-22).  Therefore.  PIM  kinases  nvay  mediate  in  part  the  proc-  ' 

ess  ofearei  nogenesb.  PIM  kinases  ha^e  been  shown  to  promote  ^ 

ceil  survh-a  I  in  the  face  of  cytoki  ne  withdrawal  as  well  as  expo-  g 

sure  to  ionixing  radiation  and  doxorubicin  (13, 23.  21)  This  b  7 

accomplished  in  port  through  phosphorylation  of  the  proapo-  * 

ptotic  protein  BAD  on  serine  112.  Lading  to  its seqtsestration  4 

by  14-2-3  (25. 26).  It  is  unknown  whether  PIM  kinases  portLi-  ^ 

pote  in  induced  cytcprotecti’ve  responses  following  treatntent 
of  cancer  cells  with  chemotherapeutic  agents  Since  the  PIMl  ^ 
kinaise  has  been  implicated  in  the  development  or  progression 
of  prostate  cancer,  we  have  exami  ned  its  role  i  n  cell  responses 
tod3cetaxel.  the  prinvirycytotoxk agent  used  to  treot  prostate 
cancer  (27,  28).  We  here  present  data  showing  that  PIMl 
expression  is  induced  by  docetaxel  treatment  Furthernvore. 

PIMl  is  a  key  component  of  a  survival  pathwwr  that  includes 
STAT3  and  NFkB  transcriptional  coniplexes. 

EXPERIMENTAL  PROCEDURES 

Reagents — Docetaxel  pharniaceutical  grade  solution  (Sanoh) 
was  diluted  in  unsupplemented  keratinocyte  noedium  (In'dtro- 
gen)  immediately  before  each  experiment  3-(4,5-Dimeih(yl-2- 
thia2oIyi)-2J5-dipbenyl-2H-tetra2otium  bromide  (MTT)  was 


’Tnsjtcr^vutlon;  us^  ;r5;NF<B,nucla;rractor«6;  Fe5^  pnr^fiats-tuff- 
cr«<]  kfTT.  3-);43-4im)ttiy1-2>ttii3:olytw2,S-<]iprMnyl.>i4otrxz:iium 
bromiSi;  OAPOH,  gt/c^it^hyds-a-ptiospruu  (MtydrooansM:  sRfU. 
$t»:rtlnloif*flng  FNA 
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prcpareil  m  itocL  solutions  in  PBS  The  following  monccbnal 
antibodies  were  used;  anli-^-ACTIN  (cicoc  AC-15;  Sigma). 
anli-PlMl  (clone  12H3.  Santa  Crux  Eiotechn3log>%  Inc..  Santa 
Crax«CA).  ainti-DCL^i  (cbnc  H-5;  Santa  Crux  Bbtcchnobgy). 
an  ti -phospho-STAT 3  (Tyr’^")  (clone  3E2;  Cell  Signaling),  anti- 
total  STAT3  (clone  &i.  BD  Bbsciences).  anti-GAPDH  (cbnc 
FL^335:  Santa  Crux  PiotechnologN*),  anti-PRDX5  (Transduc¬ 
tion  laboratories).  ar>d  anti-hunvm  cycl  in  B1  (clone  GNS- 1:  BD 
Biosciences). 

Cei!  Culture  and  G^neratJon  of  SftaWe  CJoncs — RVtTE-2 
prostate  epithelial  cell  lines  (ATCQ  were  maintained  in  l;erat- 
inocyte  niedium  (Inritrogen)  supplen>ented  with  5  ng:/nnl 
human  recombinant  E<3F.  0.06  nigi'ml  bovine  pituitary* extract. 
ICO  unita/ml  penicillin,  ami  ICO  ;.(g.'ml  streptomycin  (Media- 
Tech).  DLU45  prostate  cancer  cells  were  obtained  from  the 
ATCXT  and  grown  in  RP.V1I1610  medium  with  lCOc>  fetal  bovine 
serum 

Fcr  son>e  experin>ents.  we  produced  additional  pools  of 
prostate  cells  that  overexpressed  wild-type  or  doniirvant  nega 
the  PIMl  c DMAs  (23)  through  relrodral  transduction.  The 
coding  regions  for  the  hunvn  P/.Ui  gene  oradon*iir>ant-nega- 
th e  var bnt  ( NTS  1)  were  cbned  into  the  pLNCX  retrov  iral  vec¬ 
tor  (Clontech).  To  prodine  infectious  viruses,  the  GP-  293  poc  Im¬ 
aging  cell  line  wais  co- transfected  with  retroviral  baclbcne 
plasmids  (pLNCX.  pLNCX/PIMl.  or  pLNCX/NT81)  and  with 
p\'S\'.G.  a  plasnvid  that  expresses  the  emebpe  ghcoprotein 
from  vesicular  stomatitis  virus,  using  the  calcium  phosphate 
method.  After  48  h  of  incubation,  the  noedium  was  collected, 
and  the  virus  particles  were  concentrated  by  oentri (ugatbn . 
Prostatecelb  w>erepbtedat  1  X  IC^celUW-mm  plate  16-18h 
before infcctico. Cells wereinfected  withS  X  10‘*viral  particles^ 
pblein  the  presence  of  S^rg^ml  Polybrene.  After  6  h  of  incuba¬ 
tion.  the  virus-containing  medium  repbeed  with  fresh 
medium,  and  on  the  next  day*.  4<»  figL'ml  <>118  was  added  to 
select  stably  infected  cell  populations  After  10  days  of  selec¬ 
tion.  stable  cell  pools  wwe  establbhed.  and  expression  cf  the 
PtMJ  transgenes  was  verified  by  Western  blot  analysis. 

Fee  reporter  gene  assvfs,  PAVPE-2  cells  stably  expressing  a 
NFk'B-luciferase  reporter  plasmid  were  prepared.  The  parental 
cell  line  was  co- transfected  with  the  reporter  gene  plasmid 
(Strategene)  and  a  puronYjrcin  resistance  plasnvid.  Puromycin- 
resistant  clones  w'ere  screened  for  expression  of  firefly  lucifer- 
asc  in  response  to  stimubtion  with  tunor  necrosis  factor  a 
(Peprotech)  Two  htghK*  responsK^e  clones  were  combined  to 
create  a  pool.  In  some  experiments,  this  pool  of  reporter  cells 
was  further  infected  with  PlMl-encodiryg  retroviruses,  as 
described  above,  and  further  pods  were  selected  by  treatment 
ofthe  cultures  w*ith  G418 

Determination  cf  CeJ/  VktMity  and  A/v/\*o«s— To  deter¬ 
mine  cell  survival  following  docctaxcl  treotment,  both  short 
term  (MTT)  and  long  terno  (regrowth)  assays  were  used.  For  the 
former. cclk  were  seeded  into 96-wrll  pbtcs(l-2  X  10* cells/ 
well)  and  allows!  to  adhere  overnight.  Docetaxel  wus  added, 
and  the  cells  w^eie  incubated  for  various  periods  of  tinve.  Meta- 
bolically  active  cells  wrre  measured  by  the  MTT  assay.  For 
regrowth  assays,  cells  were  plated  at  5  X  10*  ‘wcll  of  12- well 
pbtes  and  allowed  to  adhere  overnight  Docetaxel  was  then 
added  for  21  h.  Cells  w'ere  subeequentK*  trypainixed.  and  dilu- 

20636  -ixviVALaraciLCGi::4£cwr//iST]Ry 


tionswere  plated  in  fresh  nvedium  in  24-w«ll  plates  and  allowed 
to  grow  for  6-7  days.  Oil  nun-bers  w^ere  then  enumerated  by 
crystal  violet  staining  (29). 

To  n'veasure  casposc  activation  foibwing  docetaxel  treot¬ 
ment.  the  carboxyfluorescein  FUCA  apoptosis  detection  bit 
was  used  (Immunochemistry*  Technclogies).  The  stained  cells 
were  analyzed  with  a  FACScahbur  flowcyton>eter. 

D.M-1  Msfp^aw  .d^kz/ysts— After  docetaxel  treatment  for 
21  h.  the  floating  and  adherent  cells  w^re  harvested  and  com¬ 
bined,  washed  with  PBS. and  then  fixed  with  cold  ethanol 

and  stored  at  4  "C.  The  cells  were  then  washed  with  PBS  and 
were  resuspervded  in  1  ml  of  PBS  containing  25  ;zg.^ml  pro- 
pidiu ni iodide. (XlXiTritcn X-lOCXand  dOyzg'nil  RNase  A.  Aher 
incubation  for  at  least  3*3  min  at  4  *C.  the  cells  were  then  ana- 
lyred  by  FACScalibur  flaw  cytometer  using  channel  F13. 

LtiK  'ferilie  Reporter  Ai$ayt — Oils  (4  X  10*;W11)  were  plated 
in  24-weIl  plates  and  allowed  to  adhere  overnight  Oils  then 
were  untreatedor  not  with  dcce  taxcl  and  incubated  for  6  K  The 
level  cf  lucifer  a  se  expression  was  determined  in  triplicate  using 
a  luciferase  assay* systenafPronaega)  accerding  to  the  nvnufac- 
turer  f  protocol.  The  luminescent  signal  wus  recorded  using  a 
plate  luminometer(Berthold  Technclogies).  Luciferascacti’rity 
was  normalized  to  tctal  protein  ccnccn  tra  dons,  as  measured  by 
the  Bradford  method. 

STestem  Blotting— (5-7  X  lO’)  were  washed  wi  th  ccld 
PBS  and  lysed  i  n  ICO  yJ  cf  lysis  buffer  (20mM  Tris-HCl.pH7S. 
l^SDS.SOmMNaCZl.  1  mUEDTA  supplied  with  1  n^Mphenyl- 
methybulfonyl  fluar»de  and  protease  inhibitor  mixture  Set  V 
(Calbiochen'i)).  The  Lysates  w^ere  sonicatedanJ  the  protein  con¬ 
centration  was  measured  using  the  BCA™  Protein  assay*  bit 
(Pi  ere  e  )  Up  to  70  ftg  of  total  pr  otei  n.'lane  wer  e  sub)ec  ted  to  1 2% 
SDS-PAGEand  transferred  to  polyvinylidene  nvembranes.  The 
membranes  were  bbebed  with  5>&  sbinvmed  nvilb  in  TEST  (23 
mM  Tris-HCl,  pH  7.5, 150  mM  NaCl,  0. 1%  Tween  20)  and  then 
incubated  overnight  in  5% sbinvnved  milb  or  5%  bovirve  serum 
albumin  in  TBST  with  primary  antibodies  (dilutbn  1*.10CO)  at 
4*C  v\*ith  constant  shaking  After  v^ushing  with  TBST,  the 
membranes  w»ere  exposed  to  peroxidase-coupled  secondary 
antibodies  for  1  h  at  roono  temperature.  Membranes  then 
washed  apin  w*ith  TBST.  Detection  of  the  protein  was  per- 
fornoed  by  using  the  chemiluminescent  SuperSigrul  VTert 
Femto  cr  Pl:o  Maximum  Sensitivity  substrate  (Pierce) 

Beal  Time PCR— Total  RNA  v^os  extracted  with  TRIrol  reo- 
gcnl  (Invitrogen)  and  ringb-slranded  cDNA  was  constructed  by 
Superscript  HI  pob/merase  (Invitrogen)  end  oIigcfdT)  printers. 
P.eal  tinve  PCR  vvas  performed  using  ICyxbr  (Bio-Rad)  andSYBR 
Circen  PCR  nvister  mix  reagent?  (Qlr^n)  The  following  priment 
wereused;  PlMl  forvrard.5'-AA<rTGGTCTTCX_'I  Tl  ITGOTl'- 
3';  PLMl  iwcfse,  5’-TACCATGCCAA<rrGTAClKCAC3’:  CFL 
(cofilin)  forward.  5'  -  QAGCAAGAA<5GA<jGaTCTGGT.3';  CFL 
revvne.  5'.<LKATTCATGCTTGATOCCTGT-3’.  The  PI.VU 
primer  concen  tratbn  was  2 and  the  CFL  (cofilin)  primercon- 
centration  was  0.3;iM  per  reoctlon 

ST.A73  Decoy  i7 mi  Mutant  Centred  Decoy  OtigcnucieotiJe 
Treatment — The  ST  AT3  decoy  and  mutantdecoy  cligcnucleo- 
tides  utilized  previcudy  described  sequences  (3»3)  PAVPE-2 
cells  w^erc  seeded  lnto6.welI  plates  (5-7  X  cells/w^ll)  and 
allowed  to  grow,  Twcnty*-four  hours  later,  the  cells  w^ere  treated 
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Pvaluo  .012  .033  .030  .123  .310 


nOJRE  I  .PtMl  «<pr«sslcnislrKlu(Sdtry(loc«tixal  h  fr^PE.2  cMxA.ciit 
wuQ  trc3t»3  wttti  ICO  rM  docMaxil  fsr  ttna  indcacsO  t^nos.  PM1  snd 
^.ACT»Ncrc(fin£wara3n:ly3»d  by  krvnjnobbt  snsryst.Cfioc/ctirM  smilsr 
bl;c  b  skwn.  RoCc,  ritlo  of  F1M1>'^-ACTP4  nom  poobd  <»n:lt:mocry  dsti 
from  OYM  4xrk  r»:<malrc<i  to  (hat  c(  ir<r«at»d  ccib. 

p  valuo  probabllty  ct  no  dltTcconcs  h  ratios  i]troatod  ttnu;  untraacoO 
cdb)  by  psirad  rtast  C'l »  3i.f;  c(lbw<r«  tr«at(4wlth  lOor  I  ODrMdocataxd 
forchalndlratodtlms.RcaltJtnaPCRwas  u:adton>aaourQPf.<l  mF/4A.Eacti 
vaija  rsfrasantstha  mean  ±  SD.c/r4rK  pcotaO  nicasur«mcrCspr>:>Jcod  by 
thraa  lr>:topand(rt  OKparlmcnts.  Sors^  ratadva  /c4d  Inaaasa  of  P1M1  FPU 
taval  Onormsibad  (o  tho  FP4A  Ic^mI  of  tt>a  housalu»ac4no  oans  coflln^  com* 
psrad  Mlinirt  rsat«lcor<rol  lO  h|.  <  0.01  .pvsfiKs'wre  cslculatad  by  r 

tasts  and  rapro:antthapr;bablltYcfr»odrrarar^:at«tw»an  (ha  (reatedand 
untroatod  vakjos. 


wi(h  STAT3  decen*  oligoniiclcodde  (50  nM)  or  mutan(  con(rol 
o)igonucWo(ide  (50  nM)  wing  rnt«rrT**OligoTranffec(bn 
Reagent (Mirua).  Incubadon  bmesofedW  wi(h decoy oligonu- 
cieoddes  varied  beOwn  experiments  (see  figure  legei>is)i 
lilLKA  StaJict — In  seme  cses  (NFkB  siRNA  studies),  cells 
were  transected  with  NFKBl  (p5*D)  siRNA.  RELA(p65)siPvNA. 
or  control  siRNA  (Sa  nta  Crux  Bbtech  nobgy)  Orae  day  prior  to 
transfection.  5  X  10^  cells/well  w«re  seeded  in  6-weii  plates 
Twenty-four  hours  later,  the  cells  were  tronsfected  with 
siRNAs  using  the  rmroflT-TKO*  Transfection  Reagent 
(Mirus)  and  incubated  overnight  The  cells  were  then 
trx'psinixed.  countcd.and  plated  into  21*  well  plates  (S«-7  X  10**/ 
well)  for  luciferasemsa)*.  performed  24  h  later  (45  h  after  trans¬ 
fection).  Altemateh',  for  immunobbt  analysis,  the  ceib  were 
plated  in  6-v!dl  plates,  transfected  with  liRNAs,  and  lysed  after 
45  h  after  transfeetbn  Forcbcetaxel  treatn>rnt.  the  cells  were 
seeded  into  a  ^w<?ll  pfate  (1-2  X  10*  cell.^vell,  lOD-^l  total 
vdume)  and  allowed  to  adhere  for  12  h.  They  were  then  trans¬ 
fected  with  siRNAs  using  rnncflT-TKO*  transfection  reagent 
(Mirus)  Twenty-four  hours  later,  docetaxel  (lOD  nM)  was 
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1.00  2.37  2.89  4.87  8.32 
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RGURElPIMIoxprcestonIsInduoodbydocataxollnOUMScafis.A.cclb 
wars  tro9t»d  wKh  Oxat;ixs4  |1C0  rMi  trr  the  indF:at»d  ttna  and  than  ana- 
teed  by  Irrmunoblrt  anaiyds  fee  PIMI  and  ^Cnr4  peetdre.  ratio  cf 
Pp<4  nrem  dortdtomMry  aralyd^  normdbad  to  that  cr  untraated 

cols.  ^  immenobbt  anaiyds  of  F1MI ,  PFOCS,  and  GAPCfl  pretains  b  lysates 
ofOUI45tifrortbsuo.Tifnors  I  ard3  warafromml»treatedwlthai  irlcf 
OhtSO  irxracaittonsaiy.  TOmors  2  and  4  ware  from  mice  traatad  wtib 
docetaxa^  1  Sm^.V-d  li  6.1  mief  C<M30  intnparttonealy.That^ppftrpana’was 
cr:b«d  scojerxtary  with  antfccdies  to  tha  334X>a  FtMl  prdtab  and  ths 
1 7-4cDa  PFDKS  protcIn.The  bbt  wasthanstrlppad  and  pcctad  wtth  ant  tody 
to  maGAfOH  protdn.C  flrra  PCR  analyst  of  human  PWl  mF/4A  b 
DU  l4Stifr0rd:sua.E<:yjal  amounts  cfRMA  from  tumors  I  and  Swaramteed 
acs  a  DF4S«^4reat»d  p:<4.  as  wsro  tumors  2  and  4  |do:«<axakreatod  pocli, 
fOltow^adby  ravarsatranscr^cbn  and  arrplIOcatlcnEacnbcrbmomoan  ± 
SD.cr  sK  pcoVad  m  casuraments  IT  om  two  Indapcrbant  eKpMiments.  **.  p  < 
OiOl  (hat  the  Increased  PP4 1  nrf/4AfolowbqdocMaxal  treatment  was  tha 
rasiit  of  chei^ca,  calculated  by  palrc>d  rtast 


added  to  the  cel  b.  and  incubatbn  continued  for  45h.TheMTT 
ase-aywas  then  performed. 

Alternately  (PLMl  siRNA  studies),  specific  and  control 
SiRNA  seq  uences  were  clorred  in  to  pSILENCER  ( Arobbn)  plas¬ 
mid  and  used  for  transfection.  The  PlMl-targeting  sequence 
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FIGURE  3.lnd«p«nd«nc«  of  PIM  1  upr«ssbn3ndcflllqrcl*arr«stADIUNsto9nn3n3iysfcorffAF£-2c«ls 
IOorlCOnMtroatmoncsfor24h.sGl.a  sub-G,  collprfclattonMliti  lo:sth3n2NmAcor4Mt 
Cr  and  tlM  3f94  vancc  cf  coll:  lnG^>3,  cr  GyM  pbaeos  cftba  col  cyclo.SJmmunctlot  ars^'dsofcyclIrkEI 

and  F1MI  ojqprosion a/tcc  dKccaml  lOnM  tS^ (tCiCf  1 02rM  i5, r^flQ tTMimam  at  vart:<£ timo  poircs. 


ww  5’.AACATOCTTATCGACCTCAATCGCG-3*,  and  the 
control  sequence  ww  S'-GCCTACOGTCAGGCTATCGCGT- 
ATC-3'.  Flvmkls  were  trannendy  tnincfected  into  R\VPE-2  cells 
with  a  N  uc  l-ofcctor  dc^•ice  (Amaxa)  and  incubated  for  24  h.  Then 
cdUwcfetr)*pi«ni2edandfeplatcd  with  adenflt>*of5  X  ICf  cclk* 
well  in  6-well  pistes  for  immuf>:>l:lc<  awa)*  and  2  X  10'^  celU^well 
into  a  l^well  plate  fir  cell  viability  analysis  The  next  day.  46  h 
after  transfection.  1*>D  nM  dccetaxel  was  applied,  and  then  the  cells 
were  i  ncubated  for  an  additionaJ  6  h.  K'sed.  and  used  for  an  irnu- 
rvoUotting  assay  to  detect  PLSll  knxldown  Alternatively,  fer  the 
odl  surv-n-ai  away.  1  CO  nt<  docetaxel  was  added  for  24. 46,  or  72  h. 
The  cell  vubill^r  w«t  measured  with  an  MTT  oasorr. 

Prott,ite  CaMCcrXcncgntj^t — Studies  were  carried  out  under 
an  Institutional  Animal  Cate  and  Use  C3ommitiec-a|:prorred 
protocol.  Male  NCR  nu/nu  mice  were  implanted  subcutane¬ 
ously  w*ith  10*  DU145 cells,  and  tunvrs  were  allowed  to  form. 
Tumor-bearing  mice  (n  =  4)  were  treated  with  docetaxel  (15 
mg'kg)  or  an  equal  volunve  of  DMSO.  Twenty  h:>urs  bter,  the 
mice  were  sacrificed,  and  the  turnon  were  excised  and  pro¬ 
cessed  for  histologv'andfor  RNAandpretein extraction.  Parted 
the  turner  was  placed  immedbtely  into  RNALatcr  solut>:>n 
(Amhon)  and  stored  at  —  20'C  until  RNA  extraction  with 
Triicl  reagent  Another  tumor  fragment  was  miivred  and 
ground  in  cold  It*  SDS/Tris,  pH  75,  with  protease  inhibitors. 
The  proteins  were  then  precipitated  with  4  volumes  of  cold 
acetone.  The  pellet  was  then  redisscJved  in  the  1%  SDS  buffer, 
and  protein  concentration  was  measured.  Thirty*  mkrogranv 
was  used  per  gel  lane  for  immunoblot  anahsis. 

RESULTS 

Do  ccfiuef  Incrc*tict  Exprwiert  cf PIMJ  WCR.V.A  anJ  Protciitin 
Pr«>statc  EpilhfiMt  Ceil  finer— To  investigate  the  effect  cf 
docetaxel  on  the  expression  of  the  PIMl  kinase,  we  treated 
RWPE.2  prosta  te  epithelial  cells  wi  th  pharmacological  concen¬ 
trations  of  docetaxel  that  approximate  those  obeerved  in 
plasma  within  24  h  after  drug  administration  IXacetaxel 
induced  expression  of  the  kinaeseprottinbydh.withmoadmum 


expression  between  6  a  nd  1 2  h.  and 
then  a  decline  to  nearh*  base-line 
lev  els  thereafter  (Fig  M).Qaantita- 
the  analysis  of  the  densitometry 
data  showed  that  PIMl  expression 
increased  up  to  625.foid  during  this 
interval.  Tlw  increase  was  stabsti- 
cally  significa  nt  at  3, 6,  and  9  h  and 
less  signifkant  at  later  tin>e  points. 
S  milar  results  were  seen  wi  th  ei  iher 
10  nM  (data  net  shewn)  or  lOD  nM 
docetaxel  concentrations. 

To  explore  whether  docetaxel- 
medbted  induction  cf  PIMl 
expression  was  transcriptionally 
regulated,  real  time  reverse  tran- 
scription-PCR  anahsis  was  used 
(Fi^  1£).  Docetaxel  irducedup-reg- 
ubtbn  of  the  PIMl  transcript  level 
by  2- 4- fold  in  R\VPE.  2  cells  treated 
with  either  10  cr  100  nM  drug 
RVrPE  cells  are  i  mmortaJized  and  transformed  from  normal 
prostate  epithelium.  To  determine  if  c<her  human  prostate 
cancer  cells  showed  docetaxel-induced  up-regulabon  of  PIM  1, 
we  studbd  DU145  cells  in  culture  and  as  xenografts  in  tmmu- 
nodefiebnt  mke  (Fig  2)  DU145  cells  also  showed  bn>e-de- 
ptendent  up-regubbon  of  PIMl  protein  in  response  to 
docetaxel  treatment  ( Fig  24).  Onset  ofthe  response  was  si  milar 
to  that  seen  in  RVTPE  cells  However,  elevated  levels  of  PIMl 
protein  perststedand  in  deed  increased  at  least  to  24  hafterdrug 
addibon.  -Mice  with  DU  145  xenografts  were  ako  treated  with 
docetaxel  cr  vehicle  (D.VtSO)  by  intiaperitoneol  inketion  (Fig 
2^.  Tumors  harvested  2D  hafterdrug  administration  showed  a 
mari«d  increase  in  PIMl  protein,  compared  with  loading  con¬ 
trol  proteins  GAPDH  and  PRDXS  In  addition,  reol  time  PCR 
anahsis  of  tumor  RNA  showed  a  significant  increase  in  hunun 
PIMl  mRNA  in  the  tissue  from  drug-treated  mice  (Fig.  2C), 
Previous  studies  suggest  that  the  PIMl  protein  increasesdur- 
ingtheGj/M  ph»e  of  the  cell  cycle  (31^  Since  docetaxel  freot- 
ment  has  been  reported  to  cause  Gj/M  arrest,  it  was  possible 
that  the  increase  in  PIMl  protein  that  accompanies  drug  Ireot- 
ment  might  merely  reflect  a  change  in  cell  c>*cle  distribution. 
We  used  DNA  histogram  analv’sis  to  identih' changes  in  cell 
cv'cle  distributions  in  RWPE-2  cells  after  docetaxel  treatnvent 
(Fig.  3.4).  There  was  no  ovierallincrecw?  in  iheGj/M  cell  popu- 
lation  after24h  oflowdc«e(10  nM)  docetaxel  treotnvent.com- 
pored  w'ith  vehicle -treated  celb  (r  =  0.31  for  no  difference, 
bcoed  on  six  independent  experi nvents).  A  large  increase  in 
Gj/M  cells  was  observed  a  fter  trealmcn  lof  RWPD2  cells  with  a 
higher  concentration  (lOD  nM)  of  docetaxel  for  24  h.  V'arkble 
Gj/M  arrest  was  confirnved  b)'  immunobbtting  to  delect 
expression  ofcyclin  B1  (a  Gj/M  phase  nvsrker).  There  was  no 
change  in  cyclin  Biexpression  within  24  h  after  10  nM  docetaxel 
treatment  but  a  tinve-de  pendent  increase  ofcyclin  B1  protein 
was  apparent  after  lOD  nM  docetaxel  cxpoiure  (Fig  3B,  r^/sf). 
During  both  b^eatments,  however,  PIMl  expression  irscreased 
between  3  and  12  h  of  exposure,  independent  of  the  extent  of 
G3/M  arrest  and  cvclin  B1  expression. 
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FIGURE  4.  PIM1  axfxttsslon  protects  prostate  calls  ftom  docataxal-lfv 
ducad  call  daath.  Cals  trart:fad»d  wKh  pCNOt  (lodcr^  or  ptNCXFIMI 
conctructs  vw*  watod  docrtaxol  fcr  tp  to  72 1%  and  ttttn  cal 
MaCllty  was  datarmlfMd  by  tna MTT  a>aay.  lUsulu  waro  ncmnslzsd  to  d>a 
valjcs  f;r  untraatad  cals.  E>:rtvUua  rcprcscrcs  ms  mam  =  SO.  of  nirva 
msaourammts  pxicd  fircm  ttiroa  liv^pcndarc  ojpailmantt.p  valoss  wsra 
dstanrlrvad  tyrtastsfcr  conpartacos  bctwaan  F1MI- arydvcctor-transfKtad 
cMttroatadsImiarr/.**^  <6.01  .indicattnomattba  ctimca  fornoonarsoca 
bctwaan  HMI-  and  vador^rancfcctod  caifc  wa:  lass  man  1^  *,  p  <  0.C6. 
A.  KAT£.2csit.S,  CU145  Cfilb. 


Kftdygertcfts  liruiFnkkinccJ Expression  of  PIMI  Protects  Pros- 
fate  Epkhdiai  CeiUJrofft  DocetaxcLktJMCcJ  CcS  Death  anJ 
Apcf^otis^To  dctormiiv?  whether  PIMI  can  protect  prostate 
cells  lironi  ilooetaxd. triggered  cdldeath, infected  R\VPE-2 
and  DUl<i5  cells  with  retroviruses  enoodmg  a  PLMl  cDNA 
(pLNCX>TlMl)or  an  esnpty  retrovirus  (pLNCX).  Pook  efsta. 
blytransducedcdk  wyre  selected,  treated  with  docetaxel  for  up 
to  72  h.and  then  analyxed  by  MTT  wsjn*  to  measure  raetabol- 
icallyacti’re  cells  Enforced  expression  of  wild-type  PIMI  kinase 
was  able  to  consistently*  improve  sur>h'al  of  RWPE-2  and 
DU145cdls.asrdlectedby  the  MTT assay.at  tiniep3intsup  to 
72  h  after  the  start  of  docetaxel  exposure  (Fig.  4). 

To  determine  ifambient  levels  of  PIMI  can  protect  prostate 
cells  from  docetaxel  toxfcity,  we  transiently  introduced  pias- 


P!MJ  Mediates  Docetaxel  Resistance 

mids  encoding  control  and  PIM l-specific  siRKA  sequences 
into  target  cells.  Control  siRNA  was  unable  to  bbek  the 
dacetaxel-irduced  increase  in  PIMI  expressbn.  In  contrast 
PIMI  siRNA  substentially  presented  the  increase  in  kinase 
expressbn  following  drug  exposure  (Fig  5.  A  and  C).  D:>wn- 
regulation  of  endogenous  PIMI  kinase  expressbn  led  to 
enhancedcell  kill  up  to72  hafter  drugs pplicatbn (Fig  S.Rand 
D).  The  drug  sensitization  was  statistically  significant  at  every 
time  point  To  confirm  the  protecthe  effect  of  endogenous 
PIMI  kinase,  we  also  introduced  a  dominant  negathe  enzyme 
(P1M1/NT81)  into  RVTPE-l  and  rAVPE.2  cells  by  retrwiral 
transduction.  This  truncated  precein  was  expressed  well  (sup¬ 
plemental  Fig  IS).  As  was  seen  with  the  kncckdowrn  experi¬ 
ments,  the  NTS  1  mutant  kinase  also  sensitised  cel  k  to  the  cyto¬ 
toxic  effect  of  docetaxel.  These  experinoents  clearly 
denvonrtrate  that  ombien  t  levels  of  PLM I  are  protecthe  against 
docetaxel- iiviuced  cell  death. 

Docetaxel  has  previousK*  been  shown  to  induce  cell  death  in 
part  by  apoptosis  (32>-35).  Therefore,  we  nveasured  caspose 
acth  atbn  by  a  fluorescent  caspaseac  tivity  assay  i  n  drug-treated 
cells  as  an  index  of  docetaxel  cytotoxicl^/'.  The  wild-type  PIMI 
kinase  decreased  drug-irdticed  caspase  activation,  consistent 
with  its  previously  demonstrated  survh-al  arthity  (supplemen¬ 
tal  Fig.  2S).  The  dominant  negative  PIMI  kinase  marledly 
enhanced  drug-irduced  caspase  activation 

The  docetaxel  effect  reflec  tr  d  by  theMTT  and  caspase  assay's 
was  not  great,  and  its  reversal  by  PIMI  expression,  although 
statistical K*  significant,  was  still  quanti tativeky  modest  These 
data  reflect  the  fact  thst  docetaxel  doe*  not  produce  nvtasive, 
imnvdiate  apoptotic  cell  death.  To  belter  measure  the  protec¬ 
tive  effects  of  PIMI  kinase  on  the  proliferathe  potential  of 
docetaxel- treated  cancer  cells,  we  used  a  regrowth  assay  (Fig. 
6).  R\rpE-2mMl  and  RVn>E-2/NT81  cells  were  treated  with 
various  concentrabons  of  docetaxel  for  21  h  axvd  then  were 
tiypsinizcd  and  plated  in  fresh  medium  (without  drug)  and 
allowed  to  grow  fee  6-7  days.  Cell  growth  was  then  quantified 
by  staining  with  crystal  violet  dye.  Fbcetaxel  produced  dose- 
dependent  inhibition  of  growth  in  both  cell  lines.  However, 
growth  inhibition  was  up  to  8- fold  greater  in  the  rAVPE.2/ 
NT81  cellsk  partbularly  at  drug  concentrations  of  5  nM  or 
higher.  Ihus,  the  presence  of  biologically  acthe  PIMI  kinase 
mar ledly  Inhibited  docetaxel. induced  cell  death 

TheS7’AT3  Transcri ption  Factor MoiiiatcslnJuctioncfPlA^tl 
hf  Dcccttw/ — To  identify  noechanimns  by  which  docetaxel 
could  induce  PLMl  expressbn.  weexomined  the  activation  sta¬ 
tus  of  STTATdand  STAT5  transcriptional  factor*,  known  medi- 
aters  of  PIMI  transcription,  after  docetaxel  treatnvent  of 
rAVPE.-2  cells.  STATS  was  not  consistently  phc«phor}*bted  in 
rAVPE.-2  cells  (data  not  shown)  The  level  of  phospho-STATd 
(Tyr^'^  WM  strongly  and  rapidh’increosed  after  10  and  103  nM 
treatmen  t  of  RWPE-?  cells  ( Fig  7A)  (data  not  shown),  whereas 
the  total  anvou  nt  of  ST  AT3  protein  was  not  changed.  Docetaxel 
induced  pheephorybbon  of  STAT3  simultoneoush*  with  up- 
regulation  of  PLMl  expression.  These  results  suggested  that 
docetaxel- induced  expression  of  PIMI  may  be  dependent  of 
activation  oftheSTAT3  transcriptional  factor 

To  determine  if  docetaxel  induces  PIMI  expreacion  in  a 
STAT3.dependcnt  manner,  we  used  doubb-atranded  STAT3 
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DitCftiUte!  Acth'dtcs  \FkB  Tran- 
scrif'tioKtit  in  a  P/Afi- 

Afiricwcir— Inhibiticn  of 
the  NFk'B  transcriptionoJ  complex 
sensitizes  prostate  cancer  cells  to 
paclitaxel  (another  taxane)  and 
enhar»:es  drug-induced  apoptosis 
(36).  Wehypotherired  that  the  pro¬ 
tec  live  rol?  of  PIM  1  indccetaoel-in- 
duced  opoptosis could  be  mediated 
through  activation  of  NFk'B  tran- 
scriprionaJ  actnit)'  «s  wll.  We  ini¬ 
tially  imestigated  the  effect  of  PI  Ml 
expresnonon  NFkB  transcripticoal 
activity.  RWPE-2  cells  stabK* 
expressing  an  NF»;B-dependent 
luciferase  expression  plasmid  were 
infected  with  retroviruses  encoding 
PI  Ml  or  empty  retrovirxis  only. 
Enhanced  expressnn  of  PIMl  con¬ 
sistently  increased  NFk'B  transcrip¬ 
tional  activity  abrtut  2-fold  (supple¬ 
mental  Fig.  4S). 

We  then  treated  the  NFk*B 
reporter  cell  line  with  docetaxel. 
Cells  were  incubated  for  6  h  with 
docetaxel  and  then  were  assayed 
for  luciferase  acthit}'.  Docetaxel 
increased  NFk'B-directed  luciferase 


Duration  of  docetassl  lOOnM  {hrs| 

FIGURE  S.  Knodcdoum  of  PIM  1  oxproisslon  with  sIRN  Asansfttzos  prostata  c«lls  to  docotnoMnducod  coll 
d«aih..4.R'APE-2  cols  Msrc  tr;rcr«ctsdwl^pia:nii±  encoding  ccntrci  slFfiAcr  FIMI  slFfiA  )r>d  troitod  with 
ICO  rMcSacotaxcl  forsn  E^qprcssbnofFIMI  and^CTIN  protsinswsc  insJyzod  tiy  lrrrrMnobbttlig.S.f?A?E-2 
cdl  vlabiKy  rrMa»ir»d  with  an  kfTT  rssry  dococaxol  troatrrbnt  f:r  to  72  tx  C  a:  inA  but  wUTi  DU  US 
cdb.  p,  asin  5  but  with  C</l 4  Seals  treated  fer  up  to44  h.  Eachvduols  (ho  s  SJDcf  hbc  rrMsourorrMnts 
pociod  ftetn  throo  indopenderr  expcrmcrics.  pvsiuss  wvro  dotormlnsd  by  t  usts  fbr  ccmpvfcons  totwron 


PP41  sRIU-andcontrcislFhAAreitcdcdb. 

decoy  oligonucleotides  (30)  to  selectively  abrogate  STAT3 
transcriptt^nal  acthity.  RWPE-2  cells  were  incubated  with 
wild-t)‘pe  or  mutant  sequeixe  STAT3  decays  for  *16  h.  PlMl 
expresidon  was  then  anab/xed  by  inxniunoblotting  (supplemen¬ 
tal  Fig.  3S),  STAT3  decoys,  but  ivnt  mutant  decoys,  decreased 
PLMl  expression,  as  well  eis  expression  of  the  known  STAT3 
target  gpne  BCLxt^  These  results  denwnstrate  that  STAT3 
transcriptbnal  acthity  controlled  basal  PJlVfi  gene  expression 
in  RWPE.2  prostate  cellv  STAT3  decoy  treatrnent  was  i>ot 
;issociated  with  decreased  levels  of  either  STAT3  preCein  or 
txrosine-pbospborylated  STAT3. 

To  further  deTine  the  role  of  STAT3  transcriptional  acth  ity 
in  docetaxel diependent  PIMl  expression,  we  treated  RWPE-2 
cells  with  STAT3  or  mutant  decoy  oligonucleotides  for  18  h 
Docetaxel  was  then  oJded  for  an  acid  itional  6  K  As  show*n  (F  ig. 
75).  the  STAT3  decoy  did  not  prevent  docetaxel  induced  phoo- 
phorv’laticn  of  STAT3  but  did  inhih  t  the  effect  of  the  drug  on 
PLM 1.  In  contrast,  the  mutant  oligonucleotides  had  noeffec  t  on 
PLMl  expression.  These  results  identify  ST AT3  as  an  upstream 
mediator  through  which  docetaxel  induces  expression  of  the 
PLM  1  kinase. 


expression  in  a  concentration- 
dependent  manner  (Fig.M).  Co-ex¬ 
pression  of  a  dominant  negative 
PIMl  protein  substantialK*  blocked 
drug- induced  ectivation  of  NFcB 
transcripticnal  acthitx’  at  each 
docetaxel  concentration 
The  Protecthv  T.'j'cvf  of  PIMl 
Exf*f}raeiort  Jrctn  DocetAxd-inJuceJ  De^tth  Def^euM  in  PtJrt  cn 
}sFkB  Actfwitiort — To  determine  if  PIMl  enhances  survnul  of 
docetaxel- treated  cells  through  NFcP  acthation.  we  used 
siRNA  to  inhibit  expression  of  the  RELA  (p63)  and  NFKBl 
(pl05.  pc'})  proteiru.  the  two  components  of  the  major  NFcB 
complex.  Fig.  85  showed  that  basal  and  PIMl -dependent  acti¬ 
vation  of  NFcB  was  decreased  by  p66/RELA  and  p5*D*NFKBl 
siRN  As  Immunoblottingconfirmed  the  knockdown  of  the  cor¬ 
responding  p65/RELAand  p50;'NFKPl  prc<eins(suppken>ental 
FigSS). 

A  survi’oJ  analysis,  based  on  the  MTT  assay,  was  then  per¬ 
formed  cn  docetoxel-treated  cells  (Fig.  8,  C  and  D).  With  all 
siRNA  treotments,  RWPE-2^1M1  cells  showed  im proved  suir- 
vivai  compared  with  that  of  cells  infected  with  pLNCX  viruis 
alone  (Fig  8C).  The  p65''RELA  and  p50/>IFKBl  sjRNAs 
reduced  survhal  of  both  cell  lines.  The  p50,^FKBl  siRNA  did 
not  significant!)*  inopair  the  suirvival  cf  docetoxel-treated 
RWPE-2 '^pLNCX  cells,  whereas  it  did  Kive  a  significant  effect 
on  RWPE-2 »TIM1  cells.  In  contrast.  p65'T.£LA  siRNAs  signif- 
icanth’ enhanced  docetaxel  cellkill  inboth  cell  lines  These  data 
suggested  that  cells  with  high  expression  of  PLMl  (P.WPE-2/ 
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FIGURED PIMt  MruM protects RWPE-2  prc»t3toc«flswtthprollfor3th-« 
potantUt  (tom  docotsnol  qitotoxlcfty.  RrA'FC*2.'PMt  |Ml5^po  PM1)  and 
RAPE-l't/Til  cc(b(0:<nlr>jntnoqjtt/6RMI|  wr<tr«aiodwfch<»xai3C<*lfor 
24 1\  Additional  cukure^cnno  sa'mo  ctib  Mvr«traaudsirr(iatiy  tut  \Mihout 
doc«<a)oolC«tb  ware  ih(ntr>p«lr(r»dL  dltjtat;  r^tatod  l^nrssh  mcdluT\  and 
:4i;wad  to  qr:w  fcf  iwj  ^lys,  cuiuros  w^a  ttion  tlca^  Miih  fonrciin  and 
stainad  wtn  ctystal  vi:ict  to  (naasura  ccti  groMh.  Corrpaibons  of  tna 
roTowttt  c<  traatad  oimraa  mado  wkh  stnltar,  untraatad  cals,  but 
companscTfi  ware  alwaiy;  made  bstwacrtwslbwkhA,^  vaUasontba  Incar 

8  art  ofa  cal  dcrcity«ar»dard  cur/«.  Each  pcint  raprewntj  tho  maan  s  SD.of 
~U  maasurcnnorc  poriodfrcm  two  ir>dapcodont  aocpcttnorki  untraatad 
ccti  ctlturaa  wvf« assigncda  rctath'o rcgrcMth  vaija of  t  A 


PLMl)  might  be  n>are  oencithie  to  the  effects  of  NFk'B  siKNAs 
than  wee  cells  with  bw  lex^k  of  PIM 1  (RVTPE-l’pLNCX).  We 
then  reanaJyzed  the  <Jata  K*  normal  ixing  the  sufNhol  of  pA5/ 
RELA  and  p5»D/NFKBl  siRNA-treateJ  cel k  to  that  of  cells 
treated  with  docetaxel  and  control  liRNA  (Fig.  81:^  The  pAS/ 
RELA  and  pS<DiTIFKBl  siRNAs  enhanced  docetaxel- induced 
cell  kill  of  RWPE-2'PIMl  cells  to  a  greater  extent  than  they 
enhanced  kill  of  RWPE-2/pLMCX  (sector  only)  cells.  This 
enhancen>ent  was  of  borderline  significance  for  p5*3/NFKBl 
nRNA  (p  =  0.057)  but  was  highly  significant  for  p65/RELA 
nRNA.  These  results  demonstrate  that  thepASi'RELA  and  p5*3/ 
NFKBl  proteins  medbte  resistance  to  docetaxel  cell  kill.  Their 
effec  ts  are  n>3re  pionccinced  in  prostate  cells  with  hi  gher  PIM  1 
levels  that  in  similar  cel k  with  lower  amounts  of  PIMl.  These 
data  deirsonstrate  that  the  ak«lit>'  of  PIMl  to  decrease 
docetaxel- induced  cell  kill  depenck  in  part  on  the  pAS/RELA. 
and  possibly  the  p5<3»TIFKBl,  protein 

DISCUSSION 


B  Mut  control  S3  Ptcoy 


RGURE  7.  PIMt  aiprasrlon  following  docotaxol  troitrrMnt  b  dopondont 
on  STAT3.A,  Irvnunobtots  cf  R'A?E-2  cols  troatod  vstth  t  ODrwi  dMotaxet  for 
tno  irvjlcatfidtlrTM.  ^  PrAf€-2  cclb  wsr*  trsnsfortodwkh  STATSirutint  cen¬ 
tre!  olgorudcctuee  or  STAT3  doooy  olgorti>:l»:ti^s  an>d  Ir^eubatod  for 
Ub.Cels  woro  thon  troatod  with  lODnudocotixxt  for6h,l««dt  and  sna- 
ryz«]  by  bomurcblottlnd  for  FIMt,  pnoepno-STATS,  3i>d  totalSTATB. 


of  cell  deoth  n'ta)*  also  contribute  significonth*  to  the  o^^rall 
therapenti:  response  to  docetaxel  (33).  Whether  PIMl  modu- 
lates  these  other  forms  of  docetaxel-indoced  cell  deathrequ  ires 
further  investigation. 

Cellular  stressors  are  known  to  activate  survival  psathwayx 
Among  these  stresoors  are  a  wide  variety*  of  antineoplastk 
agents,  such  ascytoloxk  drugs  (including  taxanes  (6v  7, 10, 39)), 
tyrc«ine-  and  serine- threonine  kinase  inhibitors  (4. 5),at>d  trit- 
erpenes,such  asbetulinicacid(38).  Theseagents arecapabbof 
tramsienth*  acthating  kiiwes  and  other  sunrK^I  rrrediators. 
such  as  AKT,  ERKl,  and  NFk'B  transcriptional  acti'dty.  It 
appears  that  drug-ind  need  oc  tivation  of  survnal  signa  lirg  path¬ 
ways  can  impair  the  cytotoxic  effects  of  chemotherapy  drup 
both  in  vha  and  kf  iifro  (9,  40).  and  inhibitbn  of  activated 
kinases  can  potentiate  cytotoxic  drug  cell  kill  (40-44). 

CUr  data  document  tfie  existence  of  a  STAT3  -•  PIMl  -• 


The  present  study  assessed  the  up-regulatbn  of  PIMl 
expression  following  docetaxel  treatment  of  prc«tate epithelial 
cells.  The  drug  effect  was  seen  in  both  engineered  and  sponta- 
iveousK*  transformed  preutate  cancer  cells,  Furthernvore,  the 
effect  was  documented  in  both  cultured  celk  and  tumor 
xenografts,  sug^jesting  that  it  is  a  physiological K*  significant 
respense.  Apoptosis  k  involved  in  the  antitunvor  effects  of 
docetaxel,  both  in  cultured  cells  and  in  clinical  settings  (51,35, 
37)  Our  results  demonstrated  that  PLMl  inhibted  docetoxel- 
inducedapopkesis.  Recent  work  has  i  ndicated  that  other  nvodes 


NFk'B  survb'al  pathwa*/  that  is  activated  by  docetaxel  a  nd  medi¬ 
ates  a  form  of  docetaxel  resistance.  The  linear  relaticnships 
among  the  pathway  components  were  established  by  temporal 
correlations  as  well  as  by  blodcing  experiments  using  sikNAi, 
dominant  negative  proteins,  and  oligonucleotide  decoys. 
Resistance  to  docetaxel  has  pre’rtously  been  ascribed  to  tubulin 
mutations  (45)  as  well  as  to  MDiWependent  effects  (4A,  47) 
and  to  Itmi  ted  tissue  penetration  (48).  Fewer  data  exist  to  impli¬ 
cate  transient  or  acquired  resistance  mediated  through  survhal 
pathways.  A  previous  report  has  show*n  that  stable  Ofverexpres- 
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FIGURE  S.Prot«cth^a  ofTact  Of  PIM  1  agatnst  docotasl  c)itotoildt|rcl«p«ndsln  psrtonNFKS  transa^ 
floral sctitite.  A  c<3  dinUnsnt  Mg30^^a  P1MI  i^lTI 1 1 dcorcr^s doat3oc3l-hduc«d  xtF/stlon  of 

F#«S.  f?M>E4  colfl  :t3bV  CKpre::inq  :n  If  «E<luclfsr2:4  rcpoitor  gsno  wore  Ir/4ct3d  with  rMro\injK«  any. 
k>pptNG(\'«ctorcf  pUO/l/rsi  constructs.  Poofc  wort  :«i»ctodwRhG4l8  snd  tticntr.Sitodfcf  6h  iMm 
d(K»t3x»t  Lijcr4r>s4  sctMtywss  dctccmrMd.Escnoar  rcp’cscmsflvi  msvi  s  S.D.of  tripllcsu  datonnlnatlros 
oforMofflYM:lmlbrcxp£<1rrK4its.f>V3lussM«r«ak:ub{fidCyrt4sis.**,p<O.OI,snowlnqthattn3di:nc3  of 
rtodfrarsoa  lnludfM^aw>dtr/Kyt<twMnvoctor;r>dNTai.tnreduocdalfl  blossihan  iH.fit  pS^if  lEl  and 
p65FaA  siF/IAs  InNtIt  NFcS  transcrlpMxcl  Ktirttyin  Rr^PE.2  edb wkti  MoTi  Cf  towPIMI  OD^roaba  FTA'IE. 
i.'lf*l-luofc4-asi.F1Ml  cals  warotransfactod  NMtn  centre!  siFflA.  sFmsbr9stki9  pS^'lf  lEl  u'piCl.or 
p65>faA(sfrd5).A/tar42  ^molJCtf(casa  >3tl/ky  was  moasurtd  and  ccmparidwim  that  ofPAPE-l'NFcB- 
k>dforatfa.’pl>aDC  calk  transfortodsIrritaily.Each  ocrraprosontstharalaciM  lu:ronk:«>nKrltYOftha  vail:ce 
C(lbcorrpar«dwkhttutefvcotor4ranK>.>ad csistraacad  with  contrel  sFflA.Th« values  aretSamoan  a  SwO. 
of  six  rTMaeurwnants  pooled  from  two  r>dapandcrto)(pailrr>snts.**,p  sO.OI  forno  dlTaronco;*.lndlotesp  < 
aos  for  nodfrersnca.C  inMUttrocf  If  «£  activatirn  by  sRIU  inert  asas  docttaxoMnduced  alldaun  Fr/i7E. 
I’pliaDC  and  RriVPE.2'PP.<1  ctib  wava  transfected  Wthttia  Indlratod  sFlIXs  and  altcwcd  to  rest  far  24  h. 
Docalactel  UCC  rriiwas  trton  added  fc<4C  K  Cell  suviral  waethan  esflmatad  byMTT  assay.  E>:h^0rrap^e:4nts 
the  n>aan  s  SD.cf  sixmoasuramerks  pool edltom  two  irsdapendent  exparlmentip  values  w« re  calculated  by 
rtastard  reproaant  ccmpadsonebatwven  PiMUcarfesskig  cals  and  vactcf  ocntrolaik  aswal  as  amcog  cals 
traated  wm  dlTarert  types  cCIRIUs.  D,  MTTsuvr/al  cbtafrom  Cfcc  docctaxakreatod  csis  are  rcfrescntad 
folowlr>9 no nrcitiaflonofthedatato  the  values  forccntrclslFriA4rtatedcelb.litNsarisly:bt  sunlvalcralk 
trarrfact'ad  with  llF<84arg(tlig  UFfi  As  Is  shewn  as  a  percentage  c4tt>e  values  fee  the  samecelbtreatud  with 
control  sIFflA.  Each  barpreserrs  the  mean  s  SD.cf  sK  mcKcremercs  pooled  from  two  Irvdapendorr  exper. 
knants.  p  values  wera  afciiated  by  t  tost  and  ropresenc  ttva  ii:elhood  that  there  Is  no  cffTorenca  in  tfva 
senskblnq  effect  of  tha  sIFfI  A  between  vector-  and  P1MI  4ransduad  alb. 


stonof  ST  ATI  is  associat<^d  with  Jocctexol  resistance  in  prc». 
tatc  cancer  ceJl  line*  (49).  In  addition,  genetic  inhibition  of 
EGFR  expresaion  Kss  bce^n  shown  to  senisitize  head  and  neck 
cancer  cells  to  docetaxel  (50).  The  i  nvoKvn-aent  of  PLM  kiruse* 
in  induced  resistance  to  c^'totoxic  drugs  has  not  been  docu- 
mented  thus  for  Howe\-er.  activation  of  AKT  has  often  been 
described  (6, 51).  The  PIM  kinases  and  AKT  kievises  have  been 
described  as  mediating  sepaitste  but  parallel  suxvh'al  pathwax* 
(52)  At  times  thex’  also  phosphorx’kste  the  same  substrates. 


Thus,  the  inxohenvenl  of  PIM 
kinases  in  induced  resistance  to 
cx’totoxic  drugs  nxiy  be  anticipated 
in  cells  where  the  kinase  is 
expressed. 

DU145  cells  shewed  a  more  pro¬ 
longed  PlMl  response  foibwing 
docetaxel  treatment  than  did 
R\VPE-2  cells  This  nvry  reilect  the 
greater  degree  of  tramfornxation  in 
the  DU145  cells,  which  are  hyper- 
dipbid  and  form  tumors  reodily. 
Such  cells  might  have  constitutive 
acttx^tbn  of  multiple  signaling 
pathways  For  this  reason,  wv  per¬ 
formed  mechanistic  studies  in  the 
weakly  transformed,  nearly  dipbid 
RWPE-2  cells,  which  nxax*  offer  a 
sampler  cancer  model 
The  nxechanimi  through  which 
docetaxel  activates  the  STAT3  — • 
PIM  1  — •  NFk*B  pathxvay  is  unknown 
at  present  Docetaxel  induces  an 
increase  in  reactive  oxygen  species 
(ROS),  as  cb  many  cytotoxic  drup 
(53).  This  form  of  oxidizing  stress 
inhibits  phosphatzae  activity,  had¬ 
ing  to  an  increase  in  tyrosine  phos¬ 
phorylation  of  multiple  proteins 
(54-56).  Transactivation  of  recep¬ 
tor,  type  tyrosine  kinases  (such  as 
the  EGFR)  has  been  shown  in  celb 
stressed  by  ROS  and  by  cytotoxic 
agents,  includi  ng  paclitaxel  (S7-59). 
Docetaxel  can  transacti’^tc  the 
EGFR.  and  EGFR  I  nhibitors  can  act 
p/ncrgjstk.ally  with  toxones  to 
enhance  cancer  cell  kill  (43.  51). 
Howexer.  xve  continue  to  see 
expression  of  pSTAT3  or  PI.Ml  pro- 
teins  following  docetaxel  treatnwnt 
of  R\VPE-2  cells  pretreated  v^ith  a  n 
EGFR  inhibitor  (data  not  shown). 
ROS  ba^e  prex-ioudy  been  shown  to 
acthate  |AK  kinase  signaling  in 
son>?  cel  I  lines,  possibly  prewidi  ng  a 
mechanism  fee  ST AT  activation  as 
well  (6«D.  61).  ROScan  aboactixate 
ST  AT  proteins  x^'ithout  lAK  kJnase 
acttxatbn  (62).  kegardless  of  the  most  proximal  nxediators, 
aettx-ated  STAT3is4  known  med  wtor  of  ROS- irxluced  survival 
signals.  Furtbfermore.  STAT  transcription  factors  are  knoxvn 
upstream  nwdiators  of  PLM  1  transcription,  at  least  in  hemato. 
poietic  cells  (63-  65).  Our  data  demonstrate  that  STAT3  regu¬ 
lates  PIM  1  expression  in  prostate  cells  as  x^r^  I  The  decoy  stud¬ 
ies  establish  a  linear  relationship  between  STAT3  and  PIMl  as 
downstream  nvediators  of  docetaxel  survi'/oJ  signals.  Since 
prestate  cancer  cells  frequently  express  actuated  STAT3  and 
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PLMl,  this  rclatbncKip  may  occur  constituth«h‘  at  hvI! 

(66-68) 

Our  iJentifKation  of  a  dmg- induced  iignaling{>3thwa\’leo<L 
ing  to  NFK'Bscti'^lion  itconsittent  with  the  Lnown  elFccttof 
dooetjxd  (69-71).  Although  many  pro«tate  cancer  cell  lii>es 
thow  constitubve  activation  of  NFkB  transcriptbnai  com- 
plexes,  docetaxel  can  further  increase  NFk'B  tnsntcripdoivat 
actMty  (7\))i  Our  studies  indicate  that  in  KWPE-2  celk, 
docetaxd  acth'ates  NFk'B  ina  PIMl-deperdent  nunner.  Previ¬ 
ous  reports  ha^^e  shown  that  the  rebted  PIN(2  kinase  can  acti- 
vateNFK'Ba:thity(72).althoughalterr>athecpiniont  about  the 
PLVll  bnase  ha>'e  been  presented  (73)i  PIM2  activates  NFk‘B 
BctMt>‘  through  phosphorylation  and  acthaticn  of  the  COT/ 
TPL2kiru9e«a  kinase  with  known  IkB  kiiwe-ltkeacthit)'  (72). 
Clarification  as  to  whether  the  P1M1  kinase  acts  through  this 
mechanism  or  through  an>other  pathwsry  will  require  further 
studies. 

A  decrease  in  NFk'B  expression  or  acthiw  would  be  pre¬ 
dicted  to  increase  docetaxel- induced  cell  deoth  in  both  FAXTE- 
2/pLNCX  and  RWrE-ZiTIMl  cell  I  ines  (36).  and  this  was  in  fact 
seen  (Fig  and  C)i  Howe\*er,  cells  with  higher  expression  of 
the  PIMl  ktrsase  were  more  sensitive  to  the  blcolage  of  NFxB 
function  (Fig  8D)  Compared  with  their  effects  in  R\VPE-2/ 
pLNCX  cells.  p65''FELA  siPNAs  weresignificanth  moreeffec- 
the  a  t  poten  tiati  ng  dooetaxd  -irsduced  death  i  n  RWPE-2,'PIM  1 
cellsy  PSO  'NFKBl  siRNAs  were  also  more  active  ogainst  cells 
with  high  levels  of  PI  N(  1 ,  bu  t  the  effec  t  was  of  borderli  ne  signif- 
icance.  These  data  suggest  that  the  prosurvnal  effect  of  PIMl 
kinaise  in  docetaxd -treated  cells  probably  irr/olves  member;  c( 
the  NFk'B  transcriptional  compbx.  particub  rh  p)65,n7ELA-  The 
observation  that  inhibition  of  NFk'B  only  partialh  enhances 
docetaxd -induced  cdl  death  in  PIMl-cxpressing  cells  is  con¬ 
sistent  With  the  abliC)'  of  the  kinase  to  protect  cells  through 
other  nice  hanisms  as  well  as  the  ineem  plete  knockdown  of  the 
target  preCein  in  R\VPE-2  cells.  Neverlheless.  the  result  dem¬ 
onstrates  that  PIMl,  like  PIM2  (72).  can  mediate  NFk'B  actha- 
tion  and  that  Pl.Vll  also  requires  NFk'B  transcriptional  acthity 
for  the  de\eIcpmentof  the  full  drug  resistance  phenotype. 

The  survh'al  response  induced  by  low  concentrations  of 
docetaxd  is  reminiscent  ofthe  concept  of  her  nvesis.  A  contro¬ 
versial  bDch*  of  literature  documents  that  stressors  (including 
radiation,  gases,  toxins,  exercise,  and  others)  can  produce 
biphask  dose-  response  curves  in  various  assen*  systems  (74. 75). 
At  low  doses,  a  protecti*#e  (hermetic)  response  is  gerverated. 
whereas  a  thigh  doses,  toxici  ty  is  the  result  Hornvesishas  been 
invebed  to  explain  the  beneficial  effects  of  calorie  restriction, 
cxercisei  and  various  phy toe  hemicaJs  in  disease  prevention.  In 
many  cancer  cdk  lines,  cv'totoxic  agents  also  generate  a  classic 
biphask  hormelic  dose-response  curve  (76-78).  Fig  6  demon¬ 
strates  the  same  phenonvenon  in  our  experimental  sv'stem. 
There  is  a  24%  increase  in  regrowth.'survival  of  rKWPEr-2,‘PIMl 
cells  treated  with  low  concen  Ira  tions  (0.5- 1 .0  att)  of  dccetaxel. 
compared  with  the  survh-al  of  untreated  R\VPE-2/PIMl  cells 
(p  <  OCOl).  Incontrast  survival  ofRWPE-2<'NT81  cdls  treated 
si  milarly  is  worse  than  thatofR\VPE-2('PLMl  cells,  and  there  Is 
no  enhancenvnt  of  survnel  at  low  drug  concentrations.  Our 
data  strongly  suggest  that  the  PI.Ml  kinase  {virtkipates  in  cy to- 
toxic  drug-indiKed  hormesb.  PIMl  is  also  increased  in 
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response  to  a  wide  varietv*  of  cellubr  stresaors'  growth  factors, 
oncogenes,  heat,  radiation,  toxins,  oxidathe  stress,  and 
hypoxia.  Thus,  one  nvn*  postulate  that  PIMl  b  a  general  medi- 
atcr  of  hormesis.  protective  stresa  responses  irkluced  by  low 
level  enrironmentaJ  stresses  Recenth*.  snvill  nvolecule  inhibi¬ 
tors  of  the  PLM  kinases  have  been  described  kt  viiro  and  in 
cell-based  systems  (73-81)  Targeting  the  PLM  1  kinase  may  be 
a  beneficbl  addition  to  a  traditional  docetaxel-bosed  chemo¬ 
therapy  reginv-n  However,  it  will  be  I  mportant  to  determine  if 
the  sanoe  nssneuver  will  increase  rvornvJ  tissue  toxicity  as  well 
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VA  Merit  Review  Award  Non-protein  hematopoietic  agents;  10/90-4/97 

March  of  Dimes  Birth  Defects  Foundation  Characterization  of  a  28kd  protein  related  to 
G-CSF]  7/93-6/96 

Lymphoma  Research  Foundation  of  America  Mechanism  of  action  of  the  pim-1 
oncogene]  7/95-7/96 

Roche  Pharmaceuticals  PrecHnical  study  of  Roferon  and  bryostatin  1  in  a  melanoma 
model]  1/98-12/99 

Department  of  Defense,  National  Medical  Technology  Testbed  #76-FY99:  Cell- 
permeable  proteins  for  cell  regulation.  1 2/99  -  7/02 

Leukemia  Society  of  American  Translational  Award  Propionic  Acid  Analogues  for  CLL. 
9/1/01  -8/31/05 

Celgene  Corporation,  Phase  l-ll  trial  of  combined  GM-CSF  (sargramostim)  and 
thalidomide  for  hormone-refractory  prostate  cancer  (5/02-5/04). 

National  Institutes  of  Health  R03CA1 07820  Molecular  Targets  of  NSAIDs  in  Prostate 
Cancer;  (5/1/04  -  4/30/08) 

Department  of  Defense,  CDMRP  Prostate  Cancer  Program  PC040635  Pim-1:  A 
Molecular  Target  to  Modulate  Cellular  Resistance  to  Therapy  in  Prostate  Cancer  (10/04 
- 10/09) 
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Bristol-Myers  Squibb,  Phase  II  Study  ofDasatinib  in  Hormone-refractory  Prostate 
Cancer  (7/07  -  present) 


GRANTS  and  CONTRACTS  (Co-investigator) 

National  Institutes  of  Health  R01CA097043  Molecular  pathology  of  2-deoxy-5- 
azacytidine]  L.  Sowers,  PI;  Michael  Lilly,  co-investigator  (10%  FTE).  7/1/03  -  6/30/08 

National  Institutes  of  Health  R43CA1 19833  SIMPKIN:  a  facile  mthod  for  identification 
of  unknown  kinase  substrates.  Q.  Hamid,  PI;  Michael  Lilly,  co-investigator  (5%  FTE) 
10/1/06-2/28/07. 


PUBLICATIONS  IN  PEER-REVIEWED  JOURNALS 

1 .  Brezovich  I,  Lilly  M,  Durant  J,  Richards  D:  A  practical  system  for  clinical 
radiofrequency  hyperthermia.  Int  J  Rad  One  Biol  Phys  7:423-430,  1 981 

2.  Ng  T,  Evanochko  W,  Hiramoto  R,  Ghanta  V,  Lilly  M,  Lawson  A  Corbett  T,  Durant  J, 
Glickson  J:  3ip-topical  NMR  spectroscopy  of  in  vivo  tumors.  Mag  Res  49:271-286, 
1982. 

3.  Lilly  M,  Brezovich  I,  Chakraborty  D,  Atkinson  W,  Durant  J,  Ingram  J,  McElvein  R: 
Hyperthermia  with  implanted  electrodes:  in  vitro  and  in  vivo  correlations.  Int  J  Rad  One 
Biol  Phys  9:373-382,  1983. 

4.  Evanochko  W,  Ng  T,  Lilly  M,  Kumar  N,  Durant  J,  Glickson  J:  In  vivo  ^ip-NMR 
studies  of  the  effect  of  cancer  therapy  on  a  murine  mammary  carcinoma.  Proc  Natl 
Acad  Sci  USA  80:334-338,1983. 

5.  Lilly  M,  Ng  T,  Evanochko  W,  Kumar  N,  Elgavish  G,  Durant  J,  Hiramoto  R,  Ghanta  V, 
Glickson  J:  in  vivo  3ip-NMR  study  of  hyperthermia  tumor  treatment.  Cancer  Res 
44:663-638,  1984. 

6.  Hiramoto  R,  Ghanta  V,  Lilly  M:  Reduction  in  tumor  burden  in  murine  osteosarcoma 
by  hyperthermia  and  cyclophosphamide.  Cancer  Res  44:1405-1408,  1984. 

7.  Brezovich  I,  Atkinson  W,  Lilly  M:  Local  hyperthermia  with  interstitial  techniques. 
Cancer  Res  44:46752s-4756s,  1 984. 

8.  Lilly  M,  Brezovich  I,  Atkinson  W:  Hyperthermia  with  thermally  self-regulating 
ferromagnetic  implants.  Rac//o/ogy  154:243-244,  1985. 
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9.  Lilly  M,  Katholi  C,  Ng  T:  Direct  relationship  between  high-energy  phosphate  content 
and  blood  flow  in  thermally  treated  tumors.  JNCI  75:885-889,  1985. 

10.  Lilly  M,  Omura  G:  Clinical  pharmacology  of  oral  intermediate  dose  methotrexate 
with  or  without  probenecid.  Cancer  Chemo  Pharm  15:220-222,  1985. 

1 1 .  Lilly  M,  Carroll  A,  Prchal  J:  Lack  of  association  between  glutathione  content  and 
development  of  thermal  tolerance  in  human  fibroblasts.  Radiation  Res  106:41-46, 

1986. 

12.  Tucker  K,  Lilly  M,  Heck  L,  Rado  T:  Characterization  of  a  new  human  diploid 
myeloid  leukemia  cell  line  (PLB985)  with  granulocytic  and  monocytic  differentiating 
capacity.  B/oocf  70:372-378,  1987. 

13.  Devlin  J,  Devlin  P,  Myambo  K,  Lilly  M,  Rado  T,  Warren  K:  Isolation  and 
expression  of  a  cDNA  encoding  a  human  granulcyte  colony-stimulating  factor.  J 
Leukocyte  Biol  4^  \302-306,  1987. 

14.  Lilly  M,  Devlin  J,  Devlin  P,  Rado  T:  Production  of  granulocyte  colony-stimulating 
factor  by  a  human  melanoma  line.  Exp  Hematol  15:966-971,  1987. 

15.  Barton  J,  Parmley  R,  Butler  T,  Williamson  S,  Lilly  M,  Gualtieri  R,  Heck  L: 

Differential  staining  of  neutrophils  and  monocytes:  surface  and  cytoplasmic  iron-binding 
proteins.  Histochem  J  210:147-155,1988. 

16.  Csepreghy  M,  Yielding  A,  Lilly  M,  Scott  C,  Prchal  J:  Characterization  of  a  new 
G6PD  variant:  G6PD  Central  City.  Am  J  Hematol  28:6^ -62,  ^  988. 

17.  Lilly  M,  Kraft  A:  Leukemia-differentiating  activity  expressed  by  the  human 
melanoma  cell  line  LD1.  Leukemia  Res  12:213-218,  1988 

18.  Prchal  J,  Hauk  M,  Csepreghy  M,  Lilly  M,  Berkow  R,  Scott  C:  Two  apparent  G6PD 
variants  in  normal  XY  man:  G6PD  Alabama.  Am  J  Meof  84:517-523,  1988. 

19.  Bailey  A,  Lilly  M,  Bertoli  L,  Ball  E:  An  antibody  which  inhibits  in  vitro  bone  marrow 
proliferation  in  a  patient  with  system  lupus  erythematosus  and  aplastic  anemia.  Arthritis 
and  Rheumatism  32:90^-905,  1989. 

20.  Kraft  A,  Williams  F,  Pettit  R,  Lilly  M:  Variable  response  of  human  myeloid 
leukemia  lines  and  fresh  cells  to  differentiating  activity  of  bryostatin  1 .  Cancer  Res 
49:1287-1293,  1989. 

21 .  Everson  M,  Brown  C,  Lilly  M:  IL6  and  GM-CSF  are  candidate  growth  factors  for 
chronic  myelomonocytic  leukemia  cells.  Blood  74:1472-1476,  1989. 
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22.  Nemunaitis  J,  Andrews  F,  Mochizuki  D,  Lilly  M,  Singer  J:  Human  marrow  stromal 
cells:  response  to  IL6  and  control  of  IL6  expression.  Blood  74:1693-1699,  1989. 

23.  Brezovich  I,  Lilly  M,  Meredith  R,  Weppleman  B,  Brawner  W,  Henderson  R,  Salter 
M:  Hyperthermia  of  pet  animal  tumors  with  self-regulating  ferromagnetic  thermoseeds. 
Inti  J  Hyperthermia  6:1 1 7-1 30,  1 990. 

24.  Lilly  M,  Tompkins  C,  Brown  C,  Pettit  R,  Kraft  A:  Differentiation  and  growth 
modulation  of  chronic  myelogenous  leukemia  cells  by  bryostatin  1 .  Cancer  Res 
50:5520-5525,  1990. 

25.  Lilly  M,  Brown  C,  Pettit  R,  Kraft  A:  Bryostatin  1 :  a  potential  cytotoxic  agent  for 
chronic  myelomonocytic  leukemia  cells.  Leukemia  5:282-287,  1991 . 

26.  Andrews  D,  Lilly  M,  Tompkins  C,  Singer  J:  Sodium  vanadate,  a  tyrosine 
phoshpatase  inhibitor,  affects  expression  of  hematopietic  gorwth  factors  and 
extracelular  matrix  RNAs  in  SV40-transformed  human  marrow  stromal  cells.  Exp 
Hemafo/ 20:391 -400,  1992. 

27.  Lilly  M,  Le  T,  Holland  P,  Hendrickson  S:  Expression  of  the  pim-1  kinase  is 
specifically  induced  in  myeloid  cells  by  growth  factors  whose  receptors  are  structurally 
related.  Oncogene  7:727-732,  1992. 

28.  Takahashi  G,  Andrews  D,  Tompkins  C,  Montgomery  R,  Lilly  M,  Singer  J,  Alderson 
M:  Effect  of  granulocyte  macrophage  colony-stimulating  factor  (GM-CSF)  and 
interleukin  3(IL3)  on  interleukin  8  (IL8)  production  in  neutrophils  and  monocytes.  Blood 
81:357-364,  1993. 

29.  Polostkya  A,  Zhao  C,  Lilly  M,  Kraft  A:  A  critical  role  for  the  intracellular  domain  of 
the  alpha  chain  of  the  GM-CSF  receptor  in  cell  cycle  transition.  Cell  Growth  &  Diff 
4:5250531,  1993 

30.  Polostkya  A,  Zhao  C,  Lilly  M,  Kraft  A:  Mapping  the  intracytoplasmic  regions  of  the 
alpha  granulocyte-macrophage  colony-stimulating  factor  receptor  necessary  for  cell 
growth  regulation.  J  B/o/ C/?e/T?  269:14607-14613,  1994 

31.  Takahashi  G,  Montgomery  B,  Stahl  W,  Crittenden  C,  Thorning  D,  Lilly  M: 
Pentoxifylline  inhbits  tumor  necrosis  factor-alpha  mediated  cytotoxicity  and  activation  of 
phospholipase  A2  in  L929  murine  fibrosarcoma  cells.  Inti  J  Immunopharm  16:723-736, 
1994 

32.  Sensebe  L,  Li  J,  Lilly  M,  Crittenden  C,  Herve  P,  Charbord  P,  Singer  J:  Non- 
transformed  colony-derived  stromal  cell  lines  from  normal  human  marrows.  I.  Growth 
requirements,  characterization  ,and  myelopoieisis-supportive  ability.  Exp  Hematol 
23:507-513,  1995 
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33.  Asiedu  C,  Biggs  J,  Lilly  M,  Kraft  A:  Inhibition  of  leukemic  cell  growth  by  the  protein 
kinase  C  activator  Bryostatin  1  correlates  with  the  dephosphorylation  of  cyclin- 
dependent  kinase  2.  Cancer  Res  55:3716-3720,  1995 

34.  Lilly  M,  Vo  K,  Lee  T,  Takahashi  G:  Bryostatin  1  acts  synergistically  with  interleukin 
1  to  promote  the  release  of  G-CSF  and  other  myeloid  cytokines  from  marrow  stromal 
cells.  Exp  Hemafo/ 24:6 13-621,  1996. 

35.  Matsuguchi  T,  Zhao  Y,  Lilly  MB,  Kraft  AS:  The  cytoplasmic  domain  of  the 
granulocyte-macrophage  colony-stimulating  factor  (GM-CSF)  receptor  a  subunit  is 
essential  for  both  GM-CSF-mediated  growth  and  differentiation.  J  Biol  Chem 
272:17450-17459,  1997. 

36.  Lilly  M,  Kraft  A:  Enforced  expression  of  the  33kd  pim-1  kinase  enhances  factor- 
independent  growth  and  inhibits  apoptosis  in  murine  myeloid  cells.  Cancer  Res 
57:5348-5355,  1997. 

37.  Matsuguchi  T,  Lilly  MB,  Kraft  AS:  Cytoplasmic  domains  of  the  human  granulocyte- 
macrophage  colony-stimulating  factor  receptor  p  chain  (hpc)  responsible  for  human 
GM-CSF-induced  myeloid  cell  differentiation.  J  Biol  Chem  273:1941 1-19418,  1998. 

38.  Frankel  A,  Lilly  M,  Kreitman  R,  Hogge  D,  Beran  M,  Freedman  MH,  Emanuel  PD, 
McLain  C,  Hall  P,  Tagge  E,  Berger  M,  Eaves  C:  Diptheria  toxin  fused  to  granulocyte- 
macrophage  colony-stimulating  factor  is  toxic  to  blasts  from  patients  with  juvenile 
myelomonocytic  leukemia  and  chronic  myelomonocytic  leukemia.  Blood  92:4279-4286, 
1998. 

39.  Lilly  M,  Kiskonen  P,  Sandholm  J,  Cooper  JJ,  Kraft  AS:  The  Pim-1  kinase  prevents 
apoptosis-associated  mitochondrial  dysfunction,  and  supports  cytokine-independent 
survival  of  myeloid  cells  in  part  through  regulation  of  bch2  expression.  Oncogene 
18:4022-4031,  1999. 

40.  Lilly  M,  Zemskova  M,  Frankel  AE,  Salo  J,  Kraft  AS:  Distinct  domains  of  the  human 
GM-CSF  receptor  alpha  subunit  mediate  activation  of  JAK/STAT  signaling  and 
differentiation.  E/ooc/ 97:1662-1670,  2001. 

41.  Wu  X,  Daniels  T,  Molinaro  C,  Lilly  MB,  Casiano  C:  Caspase  cleavage  of  the 
nuclear  autoantigen  LEDGF/p75  abrogatres  its  prosurvival  function:  implications  for 
autoimmunity  in  atopic  disorders.  Cell  Death  Differentiation  9:915-924  (2002). 

42.  Lombano  F,  Kidder  MY,  Lilly  M,  Gollin  YG,  Block  BS:  Recurrence  of 
microangiopathic  hemolytic  anemia  after  apparent  recovery  from  the  HELLP  syndrome: 
A  case  report.  J  Reprod  /Wed  47:875-877  (2002) 

43.  Frankel  AE,  Powell  BL,  Lilly  MB.  Diphtheria  toxin  conjugate  therapy  of  cancer. 
Cancer  Chemother  Biol  Response  Modif.  2002;20:301-13.  Review 
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44.  Ionov  Y,  Le  X,  Tunquist  BJ,  Sweetenham  J,  Sachs  T,  Ryder  J,  Johnson  T,  Lilly 
MB,  Kraft  AS:  Nuclear  localization  of  the  pim-1  protein  kinase  is  necessary  for  its 
biologic  effects.  Anticancer  Res  23(1  A):1 67-78  (2003). 

45.  Yan  B,  Zemskova  M,  Holder  S,  Chin  V,  Kraft  AS,  Koskinen  PJ,  Lilly  MB:  The  PIM- 
2  kinase  phosphorylates  BAD  on  serine-1 12  and  reverses  BAD  induced  cell  death.  J 
Biol  Chem  278:45358-45367  (2003) 

46.  Aho  TLT,  Sandholm  J,  Peltola  KJ,  Mankonen  H,  Lilly  M,  Koskinen  PJ:  Pim-1 
kinase  promotes  inactivation  of  the  pro-apoptotic  Bad  protein  by  phosphorylating  it  on 
the  Ser^^^  gatekeeper  site.  FEBS  Letters  571 :43-49  (2004). 

47.  Fodor  I,  Timiryasova  T,  Denes  B,  Yoshida  J,  Ruckle  H,  Lilly  M:  Vaccinia  virus- 
mediated  p53  gene  therapy  of  bladder  cancer  in  an  orthotopic  murine  model.  J  Urology 
173,  604-609  (2005). 

48.  Kim  K-T,  Baird  K,  Ahn  J-Y,  Meltzer  P,  Lilly  M,  Small  D:  Pim-1  is  upregulated  in 
constitutively  activating  FLT3  mutants  and  plays  a  role  in  FLT3-mediated  cell  survival. 
Blood  105(4),  1759-1767  (2005). 

49.  Chen  WW,  Chan  DC,  Donald  C,  Lilly  MB,  Kraft  AS.  Pirn  family  kinases  enhance 
tumor  growth  of  prostate  cancer  cells.  Mol  Cancer  Res.  3:443-51  (2005). 

50.  Zemskova  M,  Wechter  W,  Yoshida  J,  Ruckle  H,  Reiter  RE,  Lilly  MB:  Gene 
expression  profiling  in  R-flurbi profen-treated  prostate  cancer:  Identification  of  prostate 
stem  cell  antigen  as  a  flurbiprofen-regulated  gene.  Biochem  Pharmacology  72:1257- 
1267  (2006). 

51 .  Holder  SL,  Zemskova  M,  Bremner  R,  Neidigh  J,  Lilly  MB:  Identification  of  specific, 
cell-permeable  small  molecule  inhibitor  of  the  PIM1  kinase.  Mol  Cancer  Therapeutics 
Mol  Cancer  Ther.  6:163-72  (2007). 

52.  Ma  J,  Arnold  HK,  Lilly  MB,  Sears  R,  Kraft  AS:  Negative  regulation  of  PIM-1  protein 
kinase  levels  by  the  B56b  subunit  of  PP2A.  Oncogene  Feb  12,  2007;  [Epub  ahead  of 
print] 

53.  Hansen  JE,  Fischer  LK,  Chan  G,  Chang  SS,  Bladwin  SW,  Aragon  RJ,  Carter  JJ, 
Lilly  MB,  Nishimura  RN,  Weisbart  RH,  Reeves  ME:  Antibody-mediated  p53  protein 
therapy  prevents  liver  metastatsis  in  vivo.  Cancer  Res  67:1 769-74  (2007). 

54.  Holder  SL,  Lilly  MB,  Brown  ML:  Comparative  Molecular  Field  Analysis  of 
Flavonoid  Inhibitors  of  the  PIM-1  Kinase.  Bioorg  Med  Chem  15(19):6463-73.  Epub 
2007  Jun  14(2007) 
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55.  Zhou  J,  Pan  M,  Xie  Z,  Loh  S-L,  Bi  C,  Tai  Y-C,  Lilly  MB,  Lim  Y-P,  Han  J-H,  Glaser 
KB,  Albert  DH,  Davidsen  SK,  Chen  CS:  Synergistic  antileukemic  effects  between  ABT- 
869  and  chemotherapy  involve  downregulation  of  cell  cycle  regulated  genes  and  c-Mos- 
mediated  MAPK  pathway.  Leukemia  22(1):  138-46.  Epub  2007  Oct  18.  (2008) 

56.  Zemskova  M,  Sahakian  E,  Bashkirova  S,  Lilly  MB.  The  PIM1  kinase  is  a  critical 
component  of  a  survival  pathway  activated  by  docetaxel  and  promotes  survival  of 
docetaxel-treated  prostate  cancer  cells.  J  Biol  Chem.  283(30):20635-44.  (2008). 

57.  Shah  N,  Pang  B,  Yeoh  KG,  Thorn  S,  Chen  CS,  Lilly  MB,  Salto-Tellez  M. 

Potential  roles  for  the  PIM1  kinase  in  human  cancer  -  a  molecular  and  therapeutic 
appraisal.  EurJ  Cancer.  44(1 5):2144-51  (2008). 

58.  Kharas  MG,  Janes  MR,  Scarfone  VM,  Lilly  MB,  Knight  ZA,  Shokat  KM,  Fruman  DA. 
Ablation  of  PI3K  blocks  BCR-ABL  leukemogenesis  in  mice,  and  a  dual  PI3K/mTOR 
inhibitor  prevents  expansion  of  human  BCR-ABL+  leukemia  cells.  J  Clin  Invest. 
118(9):3038-50  (2008). 

BOOKS  AND  CHAPTERS: 

Singer  J,  Slack  J,  Lilly  M,  Andrews  D:  Marrow  stromal  cells:  response  to  cytokines 
and  control  of  gene  expresssion  (in)  The  Hematopoietic  Microenvironment.  M.  Wicha 
and  M.  Long,  eds.  Johns  Hopkins  Press,  Baltimore,  (1993). 


RECENT  ABSTRACTS: 

Hromas  R,  Collins  S,  Bavisotto  L,  Hagen  F,  Raskind  W,  Lilly  M,  Kaushansky  K:  HEM- 
1,  a  potential  transmembrane  protein,  is  restricted  to,  yet  ubiquitous  in,  hematopoietic 
cells.  B/ooof  75:98a,  1990 

Bianco  J,  Nemunaitis  J,  Andrews  D,  Lilly  M,  Shields  A,  Singer  J:  Combined  therapy 
with  pentoxifylline,  ciprofloxacin,  and  prednisone  reduces  regimen  related  toxicity  and 
accelerates  engraftment  in  patients  undergoing  bone  marrow  transplantation.  Blood 
78:237a,  1991. 

Lilly  M,  Sensebe  L,  Singer  J:  Characterization  of  cell-associated  granulocyte  colony- 
stimulating  factor  in  human  marrow  stromal  cells.  Blood  78:261a,  1991  (oral 
presentation) 

Takahasi  G,  Lilly  M,  Bianco  J,  Crittenden  C,  Singer  J:  Pentoxifylline  inhibits  tumor 
necrosis  factor-alpha  cytotoxicity  and  activation  of  phospholipase  A2  in  murine 
fibrosarcoma  cells.  Blood  78:323a,  1991. 
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Kirshbaum  M,  Lilly  M:  Multiple  growth  factors  induce  expression  of  the  Bcl-2  protein  in 
32D  murine  hematopoietic  cells,  but  differ  in  their  ability  to  inhibit  apotosis.  Blood 
84:423a,  1994. 

Lilly  M,  Pettit  G:  Identification  of  the  cephalostatins  as  potent  cytotoxic  agents  for 
myeloid  leukemia  cells.  B/ooof  86:517a,  1995  (poster  presentation) 

Lilly  M,  Kraft  A,  Rotman  E:  Enforced  expression  of  the  human  33kd  Pim-f  kinase 
enhances  autonomous  proliferation  and  tumorgenicity  in  factor-dependent  murine 
FDCP1  cells.  B/ood  86:588a,  1995  (oral  presentation). 

Lilly  M,  Cooper  JJ:  Enforced  expression  of  the  human  33kd  Pim-1  kinase  prevents 
apoptosis-associated  mitochondrial  dysfunction  and  upregulates  bcl-2  mRNA 
expression  in  murine  myeloid  cells,  (oral  presentation,  ASH  12/97) 

Wu  X,  Molinaro  C,  Lilly  M,  Casiano  C:  Caspase-mediated  cleavage  of  the  transcription 
co-activator  p75  during  apoptosis  (abstract  #993).  ProcAACR  41: 155  (2000). 

Quiggle  DD,  Lilly  M,  Murray  ED,  Gibson  K,  Leipold  D,  Gutierrez  I,  Loughman  B, 
Wechter  W:  PK  guided  multi-dose,  tolerance,  and  safety  of  E-7869  in  prostate  cancer 
patients  (abstract  #3874).  Proc  AACR  41 :609  (2000) 

Lilly  M,  Frankel  AE,  Salo  J,  Kraft  AS:  Distinct  domains  of  the  human  GM-CSF  receptor 
alpha  subunit  mediate  activation  of  Jak/Stat  signaling  and  differentiation  (abstract 
#2455).  B/ood  96:572a  (oral  presentation,  ASH  12/00) 

Chen  CS,  Lilly  MB,  Wang  FS,  Howard  FD,  Houwen  B:  Rapid  monitoring  of  peripheral 
blood  stem  cells  (PBSC)  mobilization  by  using  cell  membrane  phospholipid  content 
correlates  well  with  CD34+  measurements,  successful  harvest  and  engraftment 
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